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The primary objective of this study is to investigate the effect of stoichiometry 
of MoO3−x thin amorphous-ﬁlms on the photochromism of the films.  
At first the effect of deposition conditions on photochromism of amorphous 
MoO3−x films deposited using DC sputtering method was studied. The rate of film 
coloration under UV-irradiation was studied using UV-vis spectroscopy. It was shown 
that, for the early times of UV-radiation, the absorbance of the films does not change 
but their refractive indices change. This ‘induction’ time duration is correlated to the 
O2 partial pressure during the film deposition.  
Next, in order to achieve wider range of stoichiometry of MoO3-x films RF 
unbalanced magnetron sputtering system was employed. The effect of deposition 
conditions on the intrinsic color and photochromic properties of deposited films was 
investigated. The conversion between Mo6+ and Mo5+ for as-deposited and UV-
irradiated films was determined using x-ray photoelectron spectroscopy (XPS). 
Raman spectroscopy was used to confirm that the results of XPS are consistent with 
changes in the bulk of the films. For as-deposited films it was shown that, the greater 
is the deviation from stoichiometry of the film, the more it is intrinsically colored and 
the greater the Mo5+ content of the film is. The corresponding absorption coefficient 
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change in UV-irradiation induced absorption was observed for the film with the 
greatest deviation from complete stoichiometry and the highest initial Mo5+ content. 
The XPS and Raman results showed that for all films Mo5+ content increases as a 
result of UV-irradiation except for the film with the greatest initial deviation from 
complete stoichiometry, for which the Mo5+ content decreases despite the fact that the 
absorption of the film continues to rise. This observation indicates that the 
mechanisms of photochromism are different for films with different stoichiometry. 
More detailed study of the time-course of coloration of the films of different 
stoichiometry were conducted using in-situ Raman spectroscopy to determine Mo5+ 
content. The results showed that, the coloration  during UV-irradiation for films with 
more complete stoichiometry is fully correlated to conversion of Mo6+ to Mo5+, both 
showing sharp rise at early stage of UV-irradiation and then plateau at later stages. In 
contrast, coloration for films with the greatest deviation from complete stoichiometry 
does not show any plateau during the whole time-course of UV-irradiation and is not 
accompanied by any noticeable conversion of Mo6+ to Mo5+.  
Overall, this study shows that photochromic properties of amorphous MoO3−x 
films change depending on stoichiometry of the films. Therefore, the mechanism of 
photochromism is different for films with complete and sub-stoichiometries. 
Associating the deviation from complete stoichiometry with oxygen vacancies, we 
can conclude that, oxygen vacancies do not play any role in the photochromism of the 
films with near complete stoichiometries, while their contribution to the 
photochromism of essentially non-stoichiometric films is dominant.
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CHAPTER 1:  
Introduction 
1.1 Background 
A switchable material is one that can be converted between two or more stable 
states, sometimes reversibly, in response to environmental stimuli, such as changes in 
pH, light, temperature, electrical current, microenvironment, or applied pressure. 
There have been extensive developments in chemical compounds that show color 
change when exposed to charge injection-extraction, heat, pressurization or UV 
(ultraviolet)-visible radiation. The color change corresponds to change in optical 
spectra in the visible region. Because of these changes in optical spectra they are 
recognized as optically switching or chromogenic materials [1, 2] and can be 
classified in the categories of electrochromism, thermochromism, piezochromism and 
photochromism, respectively.  
Among these chromogenic materials, photochromic materials are those for 
which the optical properties can be changed upon electromagnetic radiation. The word 
Photochromism is derived from the Greek words ‘phos’ (light) and ‘chroma’ (colour), 
and it therefore implies the generation of color under the influence of light [2, 3]. A 
wide variety of optical properties that photochromic materials show makes them 
suitable for a diverse range of applications in reusable information storage media, data 
display, optical signal processing, chemical switches for computers, smart windows 
(control of radiation intensity) and optical attenuators, for example photochromic 
CHAPTER 1: Introduction 
 
  
Photochromism of Molybdenum oxide      
 
2 
ophthalmic lenses. Although the majority of photochromic materials are organic 
because of their fast response to UV and their ease of synthesis in a range of chemical 
forms, inorganic materials have some key advantages over the organic materials. For 
example, they show better thermal and photo-stability, higher strength and more 
chemical resistance. Inorganic photochromic materials can be prepared through 
diverse fabrication methods, which make it possible to have them in different shapes 
like thin films, coatings, monoliths, etc. Among the inorganic photochromic materials 
transition metal oxides show great potential [2]. 
One of the promising materials in this class is molybdenum oxide (MoO3) and 
in particular amorphous molybdenum oxide films (a-MoO3). This is because they 
exhibit large changes in absorbance in response to an electric field and UV light. UV-
irradiation of amorphous-films results in a broad absorption increase across the visible 
with its maximum centered ~ 830nm. This gives the irradiated films a blue-grey color, 
which is highly desirable in some applications such as optical attenuators for human 
vision (photochromic lenses) as the blue grey color is considered to be approaching 
neutral optical density filtering. It is reported that coloration of UV-irradiated 
amorphous films of MoO3 is stable and irreversible over months and shows good 
stability in air [4, 5, 7-14].  
Several models have been put forward in order to explain the mechanism of 
photo-coloration in a-MoO3 films upon UV irradiation, including color center 
formation from oxygen vacancies, inter-valence charge transfer (IVCT), small 
polaron formation. However, there are some apparent contradictions among these 
models [5, 15-20].  
In very early studies Deb et al. [15, 21] suggested that the photo-induced color 
in MoO3 films was due to the formation of color-centers. In their model, it is assumed 
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that coloration in thin films of MoO3 is electronic in nature. Based on that model, 
oxygen vacancies play an important role in coloration. The evaporation in vacuum of 
reducing atmosphere will lead to formation of substoichiometric oxides (MoO3−x). 
These oxygen ion vacancies in MoO3−x films are positively charged structural defects. 
It was suggested that UV-irradiation produces some free electrons that can become 
trapped in oxygen ion vacancies creating the color centers [15]. This model has been 
criticized for a few reasons. Firstly, it is claimed that in some films the density of 
color centers appears to be much higher than the density of oxygen vacancies that are 
expected [16]. Secondly, conclusive evidence for color centers is lacking in the 
spectra of these oxides [23]. And thirdly the photochromism of MoO3 films is 
temperature dependent and inhibited by lowering the temperature which is 
inconsistent with the electronic basis of the suggested model [17].  This has led to 
other models being proposed. 
An alternative mechanism for the photochromic phenomena in MoO3 is inter-
valence charge transfer. The assumption for this model was that the virgin un-
irradiated films always contain some adsorbed water which comes from the 
preparation procedure [2, 16, 24, 25]. This model suggests that water will split into 





(molybdenum bronze) will be formed as a result of protons diffusion into the MoO3 
lattice and their subsequent reaction with photo-generated electrons and MoO3. The 
film turns blue because there is now the possibility of inter-valence charge transfer 
(IVCT) absorption from Mo5+ sites to Mo6+ sites. 
The next proposed mechanism is based on small polaron formation. This 
model in fact is a small modification to the previous one (IVCT). The assumption for 
this model is that self-trapping occurs in which the energy of sites with trapped 
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electrons is lowered compared to Mo6+ sites. Not all Mo+6 sites are equivalent and the 
electrons will tend to occupy the lower energy sites, polarizing their surroundings 
forming polarons. The occupation of lower energy sites of the lattice by electrons will 
lead to the formation of small polarons. These small polarons are said to be 
responsible for coloration as electrons can hop between non-equivalent Mo sites. This 
polaron model is considered by some to be the most be “correct” [5, 18, 19]. 
Although the two latest models have been accepted by many authors, both of 
them also fail to explain some observations such as lack of coloration for films with 
more stoichiometric composition (MoO3-x when x<0.3) as they ignore the role of 
oxygen vacancies in the film. Also these models fail to explain more efficient 
coloration in an atmosphere without oxygen or for films with more oxygen vacancies. 
Therefore, it seems difficult to retain the explanation that the color arises only from 
the existence of Mo5+ or inter-valence transition Mo5+ ─ Mo6+[20, 26] 
As recently stated by Deb [20], one of the key challenges in these transition 
metal oxide systems is still to fully understand the mechanism of photo-coloration. To 
solve this, systematic studies on photochromism of molybdenum oxide are needed to 
clarify contribution of these mechanisms in photo-coloration process. 
1.2 Research objectives 
As mentioned above, despite the substantial number of works that have been 
done, over several decades, on the photo-coloration phenomena in thin films of 
amorphous and crystalline MoO3, many contradictions still exist in the explanation of 
experimental results. 
The models proposed in literature to explain photochromism could be divided 
into two categories: 1) photochromism due to formation of oxygen vacancy and 
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following formation of colour centers; 2) photochromism due to formation of IVCT 
complexes through Mo+5 formation whether due to chemical reaction with water or 
due to electron trapping by low energy Mo+6 sites. As has been widely reported [5, 28, 
29], Mo5+ formation was observed in many cases as a result of UV-irradiation leading 
to coloration. However, note that, the prerequisite of photo-coloration of a-MoO3 
films for IVCT and small polaron models is formation of Mo5+, while for the color 
center model the existence of oxygen vacancy is prerequisite and Mo+5 formation is 
not necessary for coloration. We can assume that different mechanisms might be 
responsible for the photochromism of a-MoO3 films at different conditions. One of 
the most important parameters that could affect the mechanism of photochromism is 
the concentration of oxygen vacancies in the films. Therefore, to investigate which of 
the mechanisms described above is responsible for photochromism of a-MoO3-x films, 
and to establish the conditions at which each mechanism can be applicable, it is 
essential to correlate changes in Mo5+ concentration to the changes in optical 
properties, induced by UV irradiation, for films with initially different stoichiometries 
(hence different initial oxygen vacancy concentrations). The correlation is expected to 
be well defined and linear in case of IVCT mechanism of photochromism but 
significantly less defined in case of the oxygen vacancy driven photochromism. 
Variation of initial stoichiometries of the films will examine the effect of initial 
concentration of oxygen vacancies onto the mechanism of photochromism of the 
films.  
Therefore, the main goal of this thesis is to investigate the role of oxygen 
vacancies in photochromism of MoO3-x films in wide range of initial stoichiometries. 
The changes of material properties for films with different initial stoichiometries 
during UV-irradiation will be studied and correlated with corresponding changes in 
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optical properties. Experimental data is compared to existing theoretical models for 
the mechanism of photochromism. The specific objectives of this thesis are to: 
1-  study the effect of initial stoichiometry on the photochromism of MoO3−x 
amorphous ﬁlms, particularly in the initial stages of UV irradiation. 
2- monitor changes in material of deposited films and correlate it with 
photochromic properties. 
3- study the detailed dynamics of coloration of the films with different initial 
stoichiometries and correlate it with dynamics of Mo+5 /Mo+6 change during UV 
irradiation. 
The scope of the current thesis includes study of photochromism in amorphous 
molybdenum oxide films. Techniques like Raman spectroscopy, x-ray 
diffractometry, x-ray photoelectron spectroscopy, Ellipsometry will be used to 
characterize the initial films and also to monitor changes in material during UV-
irradiation and correlate it with changes in optical properties characterized using 
optical transmission spectroscopy. Also, in-situ experiments will be designed to 
study dynamics of coloration.  
The results of present study may have significant impact on our understanding 
of the mechanism behind photochromism of MoO3-x and provide additional 
information towards solving the contradictions among existing models used to explain 
photochromism of MoO3-x films.  Additionally, the results may be useful to design 
films with faster and greater response to UV-light. Furthermore, the effect of 
deposition conditions on the physical and chemical properties of the deposited films 
may be useful for controlling photochromic performance for various applications of a-
MoO3-x thin films. 
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1.3 Organization for the thesis 
The contents of this thesis are organized into seven chapters. Following the 
present introductory chapter (Chapter 1), Chapter 2 gives a detailed literature review 
on the photochromism phenomena in transition metal oxides, and in particular a-
MoO3 thin films, proposed mechanisms and spectroscopy studies of photochromism 
in a-MoO3 thin films. The experimental details for the setups and processes used in 
this work are described in Chapter 3. There are three chapters that discuss the 
experimental findings. Chapters 4 presents the effects of growth, using D.C. 
sputtering, conditions on the structure and stoichiometry of MoO3−x films deposited 
under a range of conditions and optical properties of deposited films. Chapter 5 
presents the effects of deposition conditions, using R.F. unbalanced magnetron 
sputtering, on the intrinsic color and photochromic properties of deposited films and 
also conversion between Mo6+ and Mo5+ for as-deposited and UV irradiated films 
extracted using XPS and Raman spectroscopy. Chapter 6 extends the investigation to 
the existence of other mechanisms which could be involved in the coloration reaction 
with a more detailed study of the kinetics of coloration of the films in conjunction 
with a Raman investigation. Chapter 7 summarizes the accomplishments of this work 
and lastly, in Chapter 8 the thesis is concluded by suggesting a number of 
recommendations for future work. 
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CHAPTER 2:  
Literature Review 
2.1 Overview 
 Engineered materials which switch their molecular structure and symmetry are 
commonly found in a range of products. A good example of this is the photochromic 
“TransitionsTM” lenses. These ophthalmic lenses color in response to sunlight, 
because they contain molecules that isomerize between two distinct structures (one 
colorless and one colored) when they absorb UV-light. From an engineering 
perspective the transitions can be due to stimuli such as heat, pressure, electricity or 
electromagnetic irradiation. Materials which undergo a spectral change in the visible 
region upon external stimulation are known as optically switching or chromogenic 
materials and can be classified as: thermochromic (heat-responsive), piezochromic 
(pressure-responsive), electrochromic (electricity-responsive) or photochromic (light-
responsive) materials.  
For many applications these materials have to be prepared as thin films. These 
chromogenic thin films can be deposited by both physical and chemical vapor 
deposition techniques. These thin films have been the subject of research in order to 
develop advanced technologies for optical storage, mirrors, displays, smart windows 
or sunglasses [1]. 
Thin films of transition metal oxides (TMO) show many interesting properties 
such as switching of optical absorption under certain conditions. Spectral switching in 
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TMO thin films has been of interest because of their potential in applications such as 
smart windows. Such windows can control sunlight transmittance, which could be an 
advantage in energy conservation [1, 13, 30, 31]. 
In order to find an inorganic material possessing reversible coloration and 
bleaching response to electromagnetic irradiations (photochromism), Deb et al. began 
to study thin films of MoO3 and WO3 in the mid-1960s [15, 21]. Their investigation 
identified photochromic and electrochromic behavior in highly disordered thin films 
of these materials. 
The electrochromic and photochromic behavior of TMO thin films has since 
been the subject of many studies over the last 50 years. Numerous efforts have been 
made to clarify the origin of the optical absorption band appearing in the TMO thin 
films leading to coloration. Several models have been put forward to explain the 
mechanism of photo-coloration in WO3 and MoO3 amorphous-films upon UV-
irradiation: F-center model [15, 21], inter-valence charge transfer model [16], small 
polaron model [18, 32] etc.  
Despite the decades of research in this field, there is no single model which 
can completely explain all of the experimental observations associated with coloration 
in the TMOs.  
2.2 Photochromism 
In certain circumstances absorption of light can lead to chemical changes in a 
material that result in changes electromagnetic radiation absorption spectrum. 
Typically when this spectral change is in the visible region of the spectrum this light 
induced change in the absorption spectra is called photochromism [33]. As mentioned 
previously (vide supra) the word “photochromism” originates from two Greek words 
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meaning light and color. Photochromism refers to a phenomenon that color of a 
material is changed between two states A and B, having different absorption spectra, 
upon electromagnetic irradiation (UV, visible, and IR) [13, 34, 35]. A schematic of 
light-induced absorbance changes is shown in Fig. 2.1. By electromagnetic irradiation 
the state A, which is thermodynamically stable, will be transformed into form B 
[34,35]. In some cases the reverse transformation (B՜A) can occur when state B 
absorbs light [1], is heated in the dark [15], is electrochemically stimulated [36], or is 
altered by some other chemical process [37]. The transformation between A and B is 
often also accompanied by changes in the solubility, refractive index, viscosity, 




Fig. 2.1. Schematic of reversible absorbance change of a photochromic material upon 
irradiation, a) initial state, b) after UV-irradiation. 
A wide variety of optical properties that photochromic materials show makes 
them suitable for diverse range of applications such as self-developing photography, 
protective materials, dosimetry and actinometry. The photochromic materials that 
exhibit fast bleaching have potential for applications in reversible information storage 
media, optical signal processing, data display, chemical switches for computers and 
smart windows [13]. 
A 
B 
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The observation of the phenomenon of photochromism was first recorded in 
both inorganic and organic materials in 19th century [39, 40].  Also it was observed in 
biological systems at the same time [38]. Subsequently the number of classes of 
photochromic materials has significantly increased due to a great deal of 
developmental works. 
2.2.1 Organic photochromic materials 
The first report of organic photochromism was given by Fritzsche in 1867 
[40]. His report was based on the observation of bleaching in orange-colored solution. 
From that time, many researches were done on different organic materials to study 
this phenomenon. In parallel with the development of spectroscopic technologies and 
organic synthesis, organic photochromism expanded during the 1960s. 
Photochromism in organic materials can be found in certain dyes, stereoisomers, and 
polynuclear aromatic hydrocarbons. Changes in transmittance spectra in organic 
materials are associated with heterolytic and homolytic cleavage, cis-trans 
isomerisation and tautomerism leading to changes in the planarity or conjugation 
length of the molecule, which results in significant spectral shifts. In general, 
photochromism can be found in the following families of organic compounds: 
Spiropyrans, Spirooxazines, Chromenes, Fulgides and fulgimides, Diarylethenes and 
related compounds, Spirodihydroindolizines, Azo compounds, Polycyclic aromatic 
compounds, Anils and related compounds, Polycyclic quinones, 
Perimidinespirocyclohexadienones, Viologens and Triarylmethanes [3, 35, 41]. The 
great variability of organic materials makes them very versatile in many applications. 
However organic materials do tend to suffer from photo-degradation limiting their 
useful lifetime in solar applications to a few years. 
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2.2.2 Inorganic photochromic materials 
Although organic materials are widely used in many applications and show 
very fast response to stimulus, inorganic materials have some advantages over the 
organic materials. They have better thermal and photo stability, and in some cases 
greater strength and chemical resistance compared to organic photochromic materials. 
Also, inorganic photochromic materials can be easily shaped as thin films, coatings, 
monoliths, or other suitable forms [13].  
In crystalline inorganic systems, excited electrons are not associated with any 
specific atom or bond. They exist everywhere in the crystal with equal probability. 
Thus, electronic excitation in perfect crystals, when the crystal is irradiated, does not 
lead to large atomic displacements which could cause huge changes in the absorption 
spectrum. Therefore, existence of localized electronic states associated with 
impurities or defects is vital to occurrence of photochromism in inorganic systems 
[33]. 
In inorganic crystals, band gap transitions produce electron-hole pairs. In a 
perfect crystal, the electrons in the conduction band and holes in valence band are not 
localized and their recombination occurs quickly. Since the observation of 
photochromism depends on the retarded recombination of electron and holes, perfect 
crystals do not exhibit photochromism. To have sufficient delay in the recombination 
of electron-hole, it is necessary that the crystal contains defects which present electron 
trapping states in the forbidden gap as well as defects which present hole trapping 
states. Transition metal ion impurities, rare earth ion impurities or oxygen vacancies 
act as trapping states in some systems [33]. In other words, photochromism in 
crystalline inorganic compounds is usually associated with photo-reversible charge 
transfer between two states of electron traps, A and B, as shown in Fig. 2.2. These 
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, are all larger than the thermal 
energy available to the trapped electrons at room temperature. The lower energy traps 
(A-traps) are preferentially occupied by electrons at thermal equilibrium. Therefore, 
the absorption spectrum of such materials in their thermally stable or "uncolored" 
state will exhibits only band-A. Upon exposure to light, electrons from traps-A will be 
excited to conduction band from which they may be captured by traps-B. Therefore, 










Fig. 2.2. Schematic illustration of the basic model for photochromic behavior in 
inorganic crystalline materials [34].
When the material is  being exposed to light at a different frequency or stored 
in dark, it gradually turns back to its original uncolored state spontaneously as the 
electrons in traps-B are thermally excited into the conduction band and are recaptured 
by traps-A. This reverse process, bleaching, can be accelerated by heating in the dark 
[15], by electrochemical polarization [42], by chemical oxidation [37] or by exposure 











CHAPTER 2: Literature Review 
 
  
Photochromism of Molybdenum oxide      
 
14 
Reversible induced coloration in crystals was reported well over a century ago, 
and radiation-induced coloration in glass was reported before the turn of the 19th 
century [24, 34]. Photochromism among the inorganic or organometallic compounds 
can be found in some metal oxides, alkaline earth sulfides, titanates, metal halides and 
some transition metal compounds such as the carbonyls [38]. In the first half of last 
century, alkali halides, alkaline earth halides, alkali metal azides, TiO2, titanates, 
complex minerals, and complex mercury salts had monopolized the attention of 
researchers [24, 33, 43]. After Deb’s pioneering work [15, 21], there has been 
considerable interest in the photochromism of transition-metal oxides (TMOs) and 
polyoxometalates (POMs), specifically in MoO3 and WO3 [36, 44]. Accordingly, 
many different kinds of TMOs have been investigated for such purposes. These 
include WO3 [25], MoO3 [22], V2O5 [45, 46], TiO2 [47, 48], SrTiO3 [49-51], NiO 
[52], Cr2O3 [53], Nb2O5 [54] and mixed-oxide systems [55]. TMOs can become 
deeply colored upon band gap excitation using UV light in a photochromic process or 
with an applied potential in an electrochromic process [1]. To date, all of the TMOs 
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The TMOs which show electrochromic or photochromic behavior can be 
classified in different ways, for example as framework structures and layer structures. 
Fig. 2.3 shows the cubic primitive unit cell for the perovskite structure with the 
general composition MeO3. As it is shown, the Me cations occupy the corners of the 
cube, and the O anions halve the unit cell edges. This structure is an infinite 
framework of corner-sharing octahedra with each metal ion surrounded by six 
equidistant oxygen ions. In between these octahedra there are extended tunnels that 
can serve as channels through which mobile ions can intercalate. Oxides like WO3, β-
MoO3 and ReO3 have this structure [56]. 
Rutile-like structures are almost octahedral MeO6 units forming a framework 
with infinite edge-shared chains and an equal number of vacant tunnels. TiO2, MnO2, 
VO2, RuO2, IrO2, and RhO2 are rutile-like materials which show electrochromism. 
2.3 Photochromism in Molybdenum oxide 
2.3.1 Introduction to the material 
2.3.1.1 Molybdenum 
Molybdenum (Mo), a transition metal in group 6 of the periodic table, is 
located vertically between chromium (Cr) and tungsten (W) and is a hard, silvery-
white metal. It has a molecular weight of 95.64, an atomic number of 42, a specific 
gravity of 10.22 g.cm-3 at 20° C, and a melting point of 2617° C [57]. There are seven 
stable isotopes of Mo that range in natural abundance between 9 and 24% and cover 
the mass range of 92 to 100: 92Mo (14.8%), 94Mo (9.35%), 95Mo (15.9%), 96Mo 
(16.7%), 97Mo (9.6%), 98Mo (24.1%), 100Mo (9.6%) [58]. Molybdenum can be found 
in a variety of oxidation states (-II to VI) and coordination numbers (4 to 8) [57].  
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2.3.1.2 Molybdenum oxides 
2.3.1.2.1 Binary molybdenum oxides (MoxOy) 
The ability of molybdenum to possess different formal oxidation states as well 
as different local coordination leads to molybdenum oxides ability to form a large 
group of materials [59]. Of particular importance is the coexistence of different 
oxidation states of Mo that leads to mixed valence oxides. Amongst the binary oxides 
MoxOy there are only two single valence oxides, MoO3 (Mo
6+) (low-pressure 
orthorhombic α-phase [60] as well as high-pressure monoclinic β-phase [61, 62] and 
monoclinic δ-MoO2 (Mo
+4) [63]. Successive reduction of MoO3 to MoO2 gives rise to 
intermediate mixed valence oxides which are based on the formation of 
crystallographic shear (CS) planes [59]. 
Table 2.1. Composition and formation temperature of molybdenum oxides[64]. 
Composition [O]/[Mo] Formula Temperature range of formation 
2 MoO2 < 615
° C 
2.75 Mo4O11 615 - ~ 800
° C 
2.765 Mo17O47 < 560
° C 
2.8 Mo5O14 < 530
° C 
2.875 Mo8O23 650 - 780
° C 
2.889 
Mo18O52 600 - 750
° C 
Mo9O26 750 - 780
° C 
3 MoO3  
 
The existence of at least nine phases in the molybdenum-oxygen system is well 
established. They can be classified into four main families depending on whether they 
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possess a basic structure of rutile type, ReO3 type, or MoO3 type, or have complex 
structures where polygonal networks can be distinguished. Because of their 
complicated formulas many of these compounds may be termed "non-stoichiometric", 
but variance in composition has not been observed for any of them. There are no 
indications that the molybdenum oxides, listed in table 2.1, exhibit variations of 
lattice dimensions which would indicate extended homogeneity ranges. They form 
well developed crystals which give precise x-ray photographs and they are stable in 
air up to about 200° C.  They often possess a basic structure, which provides a basis 
for classification. Such a classification is given in Table 2.2. All the oxide structures 
may be visualized as built up of one or more types of the following polyhedra: MoO6 
octahedra, MoO4 tetrahedra, and MoO7 pentagonal bipyramids, joined by sharing 
corners or edges [64]. The structure of four main families of molybdenum oxides are 
shown in Table 2.2. 
Table 2.2. Structure of four main families of molybdenum oxides [64]. 
Basic structure Extension of basic structure Types of polyhedra 
Rutile Infinite in 3 dimensions Octahedra 
ReO3 
Infinite in 3 dimensions 
Infinite in 2 dimensions, forming slabs 
of finite thickness 
Octahedra 
Octahedra and tetrahedral 
MoO3 
Layers infinite in 2 dimensions 
Layers infinite in 1 dimensions, 
forming strips of finite width 
Octahedra 
Octahedra and tetrahedral 
Complex 
structures 
No basic structure 
Octahedra and pentagonal 
bipyramids 
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Analogous series of molybdenum oxides, which are based on CS plane 
formation starting from a ReO3-type structure, include MonO3n-1 and MonO3n-2 
systems. Single crystals of oxides MonO3n-1 have been observed for 4 < n < 9 where n 
determines the thickness of ReO3 type slabs separated by CS planes. In these systems 
the average valence charge of molybdenum is +(6-2/n), ranging between +4 and +6, 
which is described by ion ratios Mo6+/Mo4+ = (n-l)/l [59]. 
2.3.1.2.2 Molybdenum trioxide (MoO3) 
Molybdenum trioxide (MoO3) belongs to a class of TMOs known for their 
chromogenic properties and show reversible change in optical spectra when exposed 
to an electric field (electrochromism), UV irradiation (photochromism), or heat 
(thermochromism) [5, 21]. Molybdenum VI trioxide (MoO3) is an interesting wide 
band gap n-type TMO since it may form several allotropes with oxygen vacancies. 
The optical and electronic properties of MoO3 depend on oxygen vacancy 
concentration and can therefore be modified by varying it [12-15, 17, 21].  
Commercial MoO3 is a white or light gray-colored powder. Like tungsten 
oxide (WO3), the basic structural element is an octahedron. The Mo atom is at the 
center of the octahedron, while O atoms are at the corners [5, 65]. MoO3 exhibits 
several polymorphs: α-phase (space group Pbmn) is stable under normal conditions 
[61, 66]; β-phase (P21/c) is a metastable polymorph [61]; MoO3-II (P21/m) is a 
metastable high-pressure phase [67]; and the hexagonal phase h-MoO3 [67, 68]. 
An orthorhombic structure (α-phase) is thermodynamically favored at room 
temperature. It may be visualized as consisting of corner-sharing chains of MoO6 
octahedra, which share edges with two similar chains to form layers of MoO3 
stoichiometry; the layers, which are stacked in a staggered arrangement, are only held 
together by weak van der Waals forces [5, 65]. In each MoO6 octahedron of this 
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unique structure, one oxygen atom is unshared, two oxygen atoms are common to two 
octahedra, and three oxygen atoms are in part-shared edges and common to three 
octahedra. This layer structure is usually referred to as the α-phase (Fig. 2.4.a) [65]. 
It is the pervoskite-like (ReO3 structure) or β-phase (Fig. 2.4.b) of MoO3 that 
gives the best variance in optical and electrical properties by forming 
nonstoichiometric forms. This is because it is made of octahedral MoO6 subunits, 
attached at their corners. This gives it a more open structure than the orthorhombic a-
phase, for which the MoO6 octahedra shares edges [13]. The channels in the β-phase 
allow transportation and intercalation of ions. Amorphous films have the β-like 
structure and they also have the best nonstoichiometric based properties, such as 
photochromism. The β → α transformation is both exothermic and photochromic, 
with yellow β-MoO3 converting to the white α-phase above 400 °C at moderate 
heating rates. The relatively high transformation temperature implies that β-MoO3 




Fig. 2.4. A comparison of the structures of a) α-phase, and b) β-phase (ReO3-related) 
of MoO3 [69]. 
a) b) 
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2.3.1.2.3 Amorphous films of Molybdenum oxide 
It is reported that the octahedrons in amorphous MoO3films are connected only 
by common corners. Therefore, one can say that an amorphous film of MoO3 has the 
perovskite-like type structure [70, 71]. Amorphous films of MoO3 can be prepared in 
a variety of ways and the exact properties of the films will vary with the preparation 
method [5, 9, 10, 17, 36, 72, 73]. Thermal evaporation from a resistive source, R.F. 
sputtering from targets of Mo or MoO3, and reactive D.C. planar magnetron 
sputtering from an Mo target are the most widely used techniques [4, 9, 10, 15, 69]. 
Chemical vapor deposition [74] and electrochemical (sol–gel) techniques [75] are 
alternative preparation methods. Also, MoO3 thin films have been prepared using 
electron-beam evaporation [27], reactive pulsed laser deposition [76], thermal 
decomposition of electrodeposited MoS3 [77], and the laser vaporization-controlled 
condensation technique [78]. The virgin evaporated films of MoO3 are smooth, fine-
grained and continuous. They are amorphous in nature according to x-ray diffraction 
and electron diffraction results [5]. 
2.3.2  Mechanisms of photochromism in MoO3 
Thin amorphous films of MoO3 are transparent in the visible having absorption 
below 400nm. Irradiation by UV light turns the films blue-grey with an absorption 
band rising centered around 830nm [5, 10]. The absorption edge for MoO3 films rises 
at ~ 400 nm. The strong absorption below 400 nm is an intrinsic property of the 
material and originates from inter-band (valence band to conduction band) and 
exciton transitions. The shape of the optical absorption band is Gaussian, which 
indicates the existence of localized centers. The growth of an asymmetric absorption 
band after coloration is associated with the existence of many discrete bands [5, 15]. 
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A few models exist to explain the mechanism of photochromism of transition 
metal oxides such as WO3 and MoO3 amorphous films. Each of these models 
considers one of the following possibilities as the origin of the optical absorption: 
Inter-band transitions from filled conduction band to higher excited state bands [16], 
charge transfer absorption from the valence band to a Mo5+ state,  F or F+ color 
centers in oxygen vacancies [15], Inter-valence transfer absorption [16] or small-
polaron absorption [18]. 
2.3.2.1 Color center model 
In very early studies Deb et al. [15, 21] suggested that the photo-induced color 
in MoO3 films was due to the formation of color-centers. In their model, it is assumed 
that coloration in thin films of MoO3 is electronic in nature and, therefore, can be 
interpreted in terms of the electron energy levels in this material. 
Based on that model, oxygen vacancies play an important role in coloration. 
The origin of oxygen vacancies in vacuum-evaporated thin films of MoO3 comes 
from the fact that, evaporation in vacuum of reducing atmosphere will lead to 
formation of substoichiometric oxides (MoO3−x). These oxygen ion vacancies are 
positively charged structural defects [15]. 
The increase in the number of color centers was said to be accompanied by the 
formation of more Mo+5 as evidenced by an increased EPR signal characteristic of 
Mo+5. Furthermore the increase in the number of color centers was also said to be 
associated with an increase in electrical conductivity in the films. The color centers 
could be thermally bleached in the presence of oxygen, but not in an argon 
atmosphere. It was thus concluded that the photo-coloration was closely related to the 
formation of Mo+5 and the presence of oxygen ion vacancies in the lattice. It was 
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suggested that irradiation in the UV produces some free electrons that can become 







Fig. 2. 5. Energy-level diagram for optical transitions in MoO3 at 298 °K [15]. 
Irradiation of MoO3 with light of wavelength shorter than 330 nm produces 
free electrons as a result of band-to-band transitions. When irradiated with UV light, 
one or two photo-generated electrons are excited from the valence band to these 
defects levels and are captured leading to formation of F-like centers. Trapped 
electrons in color centers can be excited into the empty conduction band, resulting in 
transitions that vary from the near-infrared to the visible region making the material 
colored [15]. The energy-level diagram for exciton transitions is given in Fig. 2.5. 
The color centers are stable because they have first excited state energies that 
are much more than kT below the conduction band at ambient temperature (k = 
Boltzmann constant, T= temperature). This means that the thermal energy of the 
lattice is not sufficient for the excited electron to jump to the conduction band. 
However, they are thermally unstable in the presence of oxygen and it was concluded 
that this was due to annihilation of the color centers by oxygen insertion completing 
the film MoO3 stoichiometry. Actually, the energy gap between the defect and the 
conduction band is small (0.5 eV) and the higher conductivity of the blue (UV-
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mobility of electrons in the defect band. The blue color of UV-irradiated samples 
originates from an absorption transition in the red region of the spectrum through the 
excitation of trapped electrons into the empty conduction band [15, 79]. 
If the films are bleached by heating in oxygen they lose their ability to become 
re-colored. In other words they are no longer photochromic [15, 21]. This fact 
supports the hypothesis that the origin of color centers should be associated with 
oxygen vacancies. This is because the oxygen mediated bleaching would no doubt 
result in the filling of the oxygen vacancies with oxygen. Hence, heat treatment in 
oxygen not only bleaches the color centers, but also restores the stoichiometry of the 
film by destroying the vacancies. 
Although the evidence for the color center model for photo-coloration is quite 
convincing in explaining some experimental results, it is not the only model proposed 
to explain the variety of results obtained. The color center model has been criticized 
for a few reasons. Firstly, in some ﬁlms the density of color centers appears to be 
much higher than the expected density of oxygen vacancies [16, 80]. Secondly, 
conclusive evidence for color centers is lacking in the spectra of these oxides. Thirdly, 
the photochromism of MoO3 ﬁlms is inhibited by lowering the temperature [16, 17, 
23]. This has led to other models being proposed. 
2.3.2.2 Inter-valence charge transfer model 
An alternative mechanism for the photochromic phenomena in MoO3 is inter-
valence charge transfer. Although this model was originally proposed by Faughnan et 
al. [16] to explain the electrochromism of WO3, it has been accepted by most authors 
as an adequate way to explain the photochromic mechanism of TMOs, particularly for 
MoO3 and WO3 [5]. The assumption for this model was that the as-deposited films 
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always contain some adsorbed water which comes from the preparation procedure [2, 
16, 24, 50]. As a result of UV-light (hʋ > Eg) irradiation, electrons and holes will be 
formed in oxide films (Eq. 2.1). This model suggests that water will split into oxygen 





(molybdenum bronze) will be formed as a result of proton diffusion into the MoO3 
lattice and their subsequent reaction with photo-generated electrons and MoO3 (Eq. 
2.3). In other words, the injected electrons are localized on Mo6+ ions to form Mo5+. 
The formation of molybdenum bronze brings the possibility of inter-valence charge 
transfer absorption from Mo5+ sites to Mo6+ sites (Eq. 2.4). The formation of Mo5+ 
after the coloration has been confirmed by XPS results [20, 79]. However, unless 
these two Mo sites are non-equivalent, the two configurations are energetically 
equivalent. In addition, it fails to explain why there is no coloration in MoO3-x when x 
< 0.3. 
ܯ݋ܱଷ ൅ ݄ݒ ՜ ܯ݋ܱଷ ൅݁ି ൅݄ା 2.1 
2݄ା ൅ܪଶܱ ՜ ʹܪା൅ ܱ 2.2 ܯ݋ܱଷ ൅ ݔܪା൅ ݔ݁ି ՜ ܪ௫ܯ݋௫௏ܯ݋ଵି௫௏ூ ܱଷ 2.3 ܯ݋஺௏ூ ൅ܯ݋஻௏ ՜ ܯ݋஺௏ ൅ܯ݋஻௏ூ  2.4 
Furthermore, the photo-generated holes can recombine with the electrons (Eq. 
2.5), and sometimes the photo-corrosion reactions (Eqs. 2.6 and 2.7) may occur, 
which has adverse effect on the photochromism.  
݄ା ൅ ݁ି ՜ ܪ݁ܽݐ 2.5 ܯ݋ܱଷ ൅ʹ݄ା ൅ʹܪଶܱ ՜ ܯ݋ܱସଶି ൅ Ͷܪା൅ ͳʹܱଶ  2.6 
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ܪା ൅ ݁ି ՜ ͳʹ ܪଶ 2.7 
2.3.2.3 Polaronic model 
2.3.2.3.1 Concept of polaron 
The concept of "self-trapping" of charge carriers (polaron formation) was 
introduced by Landau in 1933 [19]. As a result of displacing atoms or ions in a 
material from their carrier free equilibrium position, a potential well that will bind a 
charge carrier by self-trapping will be formed. A (charge) polaron can be described as 
an electron or hole that is bonded to the potential well created due to displacement in 
the equilibrium positions of atoms. The quasi-particles, which consists of the self-
trapped charge carriers and the pattern of the atomic displacements is known as a 
polaron (the term "polaron" is historical, as was originally discussed in the self-
trapping in ionic (polar) materials). The electron-phonon coupling is vital for the 
formation of a (charge) polaron. A large polaron extends over more than one lattice 
site and can be created by a carrier with a long-range electron-phonon coupling. A 
short-range polaron has stronger electron-phonon interaction and self-trapping is 
focused only on a single lattice site. The absorption of radiation can provide the 
required energy for self-trapped carriers to be excited out of the potential well and 
relocate on a neighboring lattice site. This photon induced transfer of a small polaron 
between lattice sites is called ‘hopping’ and is an incoherent motion. Although a 
coherent movement of small polarons at low temperatures is possible through the 
quantum mechanical tunneling of atoms, this movement is very slow and can be 
blocked by the disorders that exist in real materials [32].  
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2.3.2.3.2 Small polaron formation model  
The small polaron formation model (Fig. 2.6.) is in fact a small “correction" or 
refinement of the inter-valence charge transition. In this model, self-trapping occurs in 
which the energy of sites with trapped electrons is lowered compared to Mo+6 sites. 
Not all Mo+6 sites are equivalent and the electrons will tend to occupy the lower 
energy sites, polarizing their surroundings forming polarons. The absorption is then 
due to electrons hopping between non-equivalent Mo+6 sites as discussed above in the 











Fig. 2.6. Small polaron model, a) Excitation of electrons from the valence band (the 
oxygen p-orbital) to Mo6+ sites in the conduction band by absorbing UV (because of 
amorphous nature of the material, Mo6+ site are not equivalent in energy) and trapped 
by those Mo6+ sites with lower energy, b) excitation of electron from the Mo5+ trap 
site to higher energy Mo6+ sites by absorption of visible light, c) trapped electron in 
Mo6+ site lowers its energy and reduces its oxidation state (Mo5+ forms). 
This polaron model is considered by some to be the most “correct” [18, 19, 
81]. However, there are some theoretical problems in small polaron formation in 
MoO3. Firstly, in a ionic solid such as MoO3, long range electron–lattice interaction 
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should preferably lead to formation of large polarons which extend over many sites, 
while small polarons form in in a covalent system, where short-range electron–lattice 
interaction occurs. Secondly, optical absorption spectra reported for MoO3 are 
asymmetric and asymmetric optical absorption spectra are characteristic of large 
polarons [20]. 
2.3.2.4 Modified model of color-center formation 
Although the two latest models (IVCT and polaronic models) have been 
widely accepted by researchers, both of the theories fail still to explain some key 
observations. The role of oxygen vacancy is ignored in both of them and therefore 
they do not provide any reason to lack of coloration for films with low density of 
oxygen vacancies (MoO3-x when x<0.3) [20]. Also using these models, one cannot 
explain why coloration is faster in vacuum or why the coloration efficiency increases 
with increasing oxygen deficiency in the film [10].  
Recently Deb has proposed a new model for the mechanism of photochromism 
in WO3 thin films, which also can be applied for the same phenomenon in MoO3 thin 
films. This new model (Fig.2.7.), based on the presence of oxygen vacancies with 
associated Mo4+ ion, is in agreement with a modified charge transfer and polaronic 
model. It uses the original idea of electron trapping by oxygen vacancies related to F-
center formation in ionic solids. According to this model after creation of a ைܸ଴ (Mo4+ 
or 2Mo5+) defect state, the defect levels are likely to be inside or near the valence 
band holding two electrons. When one electron is removed from this level,  ைܸ଴ 
converts to ைܸା(Mo5+). A displacement of Mo-ions happens due to a coulombic 
repulsion force imposed by the positively charged vacancy. Therefore, an upward 
shift of the defect level into the band gap will occur resulting in the formation of color 
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center. The optical transition from ைܸାଵ to ைܸଶା or Mo5+ to Mo6+ (a state within the 















Fig. 2.7. A new model for coloration in MoO3 involving oxygen vacancies [20]. 
MoO3 can be considered to be completely ionic [4-6]. Therefore, the valence 
band is a p band arising from the overlapping of the p orbitals of the O anions, and the 
conduction band is expected to be a d band arising from the d orbitals of the Mo 
cations. 
The band gap is a sensitive function of Mo–O bond length. Therefore, in 
MoO3 containing oxygen vacancies, there is a structural relaxation resulting in an 
increase of Mo–Mo distance and changes in Mo–O splitting. Consequently, the 
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the experimental observation that in an amorphous system, the band gap is 
significantly larger. The structural distortion in MoO6 octahedra can lead to the 
displacement of the Mo-ion from the center of the octahedron. This off-centering 
results in lowering of the valence band and raising the conduction band with a 
consequent increase in energy gap. 
2.3.3 Spectroscopic characterization 
Some physical and chemical properties of molybdenum oxide thin films will 
change upon UV-irradiation. For example, increases in the electrical conductivity [15] 
[15] and photoconductivity [82] of MoO3 after UV-irradiation are reported. Since the 
valence state of molybdenum and the lattice structure will change after the coloration, 
the x-ray photoelectron spectroscopy (XPS), electron spin resonance (ESR), Raman 
and Fourier transform infrared (FTIR) absorption spectroscopy can provide useful 
information about the chemical processes behind the photochromism of the 
molybdenum oxide.
As has been widely reported [5, 28, 29], Mo5+ forms as a result of UV 
irradiation leading to coloration. Therefore, it is very important to detect changes in 
Mo5+ concentration caused by UV irradiation. Since x-ray photoelectron spectroscopy 
(XPS) is a powerful method to distinguish different oxidation states, it has been 
successfully used to monitor changes in the Mo-oxidation state such as conversion 
between Mo6+ and Mo5+ as well as to monitor changes in the valence band spectra 
corresponding to photo-coloration [83]. It is reported that MoO3 has a 7 eV valence 
bandwidth and maxima for density of states are at 1.5, 3.6, and 5.6 eV below the 
leading valence band edge [83, 84]. However, XPS has its limitations, for example it 
is surface sensitive technique and always there is the possibility that we are 
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characterizing a surface which may not be similar to the bulk material. For this reason 
it is better to compliment XPS data with a bulk sensitive technique such as Raman 
spectroscopy. 
Raman studies have been successfully carried out on molybdenum oxide films 
and it has been shown that the progress of photo-coloration corresponds to increases 
in lattice defects [11]. However, most Raman spectroscopy studies on MoO3 structure 
are devoted to crystalline films [85-89] and less have been carried out on amorphous-
films [11, 12, 73].  
2.3.4 Summary
Several models have been suggested to explain the mechanism of 
photochromism of a-MoO3 films. The most accepted models are color center 
formation (via oxygen vacancies) model, the IVCT model and the small polaron 
model. Note that, these models can be divided into two categories with respect to the 
Mo+5 formation in course of the coloration induced by UV irradiation. To the first 
category IVCT and small polaron models could be assigned. These models predict an 
increase in Mo5+ concentration when films are exposed to UV-irradiation. UV light 
excites electrons from the valence band (the oxygen p-orbital) to the conduction band 
(Mo6+ sites).  Subsequently, these free electrons can be trapped forming  molybdenum 
bronze as in case of IVCT model or by low energy site of the Mo6+ as in small 
polaron model. Essentially, upon UV-irradiation, photo-excited electrons from the 
valence band, which is formed by p-orbitals of oxygen, are trapped by  Mo6+ sites and 
reduce their oxidation state to Mo5+ (Fig. 2.7a). Hence the Mo5+ concentration will 
increase upon UV irradiation. This results in the film becoming colored, because the 
trapped electron can be excited from the Mo5+ trap site to higher energy Mo6+ sites by 
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absorption of visible to near infra-red light (Fig. 2.7b). Both these models do not 
require a presence of oxygen vacancies for photochromism. 
The Deb’s model of MoO3 photochromism is based on the presence of oxygen 
vacancies in the films. This model can be assigned to the second category, since in 
this model the content of Mo5+ does not have to change during coloration induced by 
UV irradiation Upon UV irradiation excited electrons are trapped by oxygen 
vacancies forming color center defects with energy levels lying in the band gap. 
Electrons from these color centers could be excited to the conduction band under 
action of visible light.  Note that, the initially formed oxygen vacancy itself implies an 
existence of two Mo5+ atoms and its energy lies in the valence band [20]. Upon 
absorption an UV photon, Mo5+ loses an electron to the conduction band changing its 
oxidation state to Mo6+ and forming a color center. At the same time, the excited 
electron from conduction band can be trapped by mechanisms similar to those 
described in IVCT and small polaron models. Additionally, the color center can 
absorb a visible photon and lose an electron to the conduction band, forming a state in 
the conduction band which can become an electron trap itself. The important point in 
this mechanism is that electrons are transferred between Mo sites of different 
oxidation states and the total oxidation state of the Mo is not being changed upon UV 
irradiation though the color is changing. 
We assume that the models described above may all be correct but have their 
limitations and each may work within its limited set of conditions.  Therefore, 
experimental observations described above may simply suggest that the 
photochromism in these metal oxide films cannot be explained by applying just one of 
the proposed mechanisms (vide supra). Many previous works have studied a limited 
type of film prepared under a certain set of conditions. However we assume that the 
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preparation method may itself determine the mechanism of photochromism. In view 
of the discussion above the concentration of oxygen vacancies can be considered as a 
very important parameter and it is important to study photochromism of films with 
significant variation of initial oxygen vacancy concentration. This variation can be 
achieved by deposition of the films with essentially different stoichiometries. 
Therefore, the main goal of this work is to study the photochromism of molybdenum 
oxide amorphous films with different initial stoichiometries through the correlation of 
Mo+5 content change with color change during UV irradiation. It will examine the 
validity of the models described above for the description of mechanisms for 
photochromism at different level of concentration of oxygen vacancies, introduced via 
film preparation. 
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CHAPTER 3:  
Materials and Method 
3.1 Overview 
The main scope of the current research is to study the effect of initial 
stoichiometry on the photochromism of MoO3−x amorphous ﬁlms, particularly in the 
initial stages of UV irradiation and also to monitor changes in material of the 
deposited films and correlate it with photochromic properties. In this chapter the 
experimental procedures for thin film deposition and characterization will be 
introduced. 
3.2  Deposition  
3.2.1 Introduction to sputtering techniques 
In this study, sputtering was selected as deposition method to fabricate the 
MoO3-x thin films. Sputtering deposition is a physical vapor deposition technique 
whereby the surface atoms of a solid material are made to go into the vapor phase by 
the momentum transfer from the particles impacting the source material known as the 
target [90-92]. This method is widely used to deposit magnetic media and head 
surfaces thin films, wear resistant thin films, reflective thin films on window glass, 
low friction thin films and thin films with special optical or electrical properties. 
There are various sputtering techniques to deposit thin films including: 
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- DC Sputtering 
- RF Sputtering 
- Magnetron sputtering 










Fig. 3.1. Schematic of a simple diode D.C. sputtering system.  
Sputtering process involves formation of plasma generally from inert gasses 
like Ar. The simplest form of sputtering, diode configuration, is an anode and a 
cathode inside a vacuum chamber. An electric D.C. voltage varying from 500 to 5000 
V is applied between the cathode (target) and anode. Substrates are attached to the 
anode. The process gas molecules in the surrounding space of the target will become 
ionized due to collision with emitted electrons from the target. When the gas 
molecules are ionized, the positive ions will be accelerated towards the cathode 
because of the applied negative voltage to the cathode. Upon the collision of positive 
ions to the cathode, the momentum transferred is sufficient to eject atoms of the 
cathode material. The atoms will travel towards the substrate where it condenses to 
form film [90-93] . A simple D.C. sputtering process system is presented in Fig. 3.1. 
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One of the major limitations of any D.C. sputtering system is the necessity of 
the target to be conductive, while for radio frequency (R.F.) sputtering there is not 
such a limitation [94-96]. In R.F. sputtering, for a small segment of the R.F. cycle, the 
anode and cathode are electrically reversed periodically. This altering the anode and 
cathode removes the charge buildup on the surface and allows insulators to be 
sputtered.  Therefore, by using R.F. diodes non-conductive materials such as metal 
oxides (SiO2, Al2O3, ZnO, TiO2, etc.), mixed oxides (Indium-tin oxide), plastics, and 
glass, such as pyrex, can be deposited. Generally the radio frequency A.C. power 
supply operates at a frequency of 13.56 MHz [90, 93, 96]. A simple R.F. sputtering 










Fig. 3.2. Schematic of R.F. sputtering. 
There are two major problems which occur during diode sputtering. First, the 
deposition rate is slow and second, an extensive bombardment of the substrate by 
emitted electrons causes overheating.  Magnetron sputtering is a solution for both of 
these issues. By setting magnets behind the cathode, free electrons can be trapped in a 
magnetic field directly above the target surface. Trapped electrons will be confined to 
regions in vicinity of the target. Also, circuitous path carved by trapped electrons 
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boosts the possibility of ionizing inert gas molecules. And finally the deposition rate 
increases by increasing the ionization rate of inert gas molecules because of trapped 
electron in magnetic field [93, 97]. 
The design of the magnets behind the target is in a way that one pole is located 
at the central axis of the target, while the second pole is made by a circumference ring 






Fig. 3.3. Schematic diagram of magnets set behind the cathode in magnetron 
sputtering. 
Increased ionization efficiency of magnetron sputtering in the vicinity of the 
target leads to the formation of denser plasma in this region. In a conventional 
magnetron this dense plasma is limited to the target zone and normally covers 60 mm 
from the target surface. Locating the substrates within this region will expose them to 
simultaneous ion bombardment which can introduce structural defects to the growing 
film on the substrate. This may result in altering the growing film properties. On the 
other hand, the deposition rate outside this region is very low. Using unbalanced 
magnetron where the magnets are used in outer ring strengthened relative to the 
central pole is a way to overcome this obstacle. In unbalanced magnetron design, 
some of field lines are conducted towards the substrate. Therefore, some secondary 
electrons will be able to follow these field lines and the plasma will no longer be 
strongly limited to the target region. Therefore, it will be possible to extract high ion 
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The schematic representations of the plasma confinements observed in balanced and 










Fig. 3.4. Schematic diagram of the plasma region observed in a) conventional and b) 
unbalanced magnetron. In unbalanced magnetron, the magnets used in outer ring are 
strengthened relative to the central pole. 
Regardless of the target type, whether it is elemental, alloy or compound, 
sputtering process occurs atomistically which means sputtered materials are emitted 
as atoms rather than molecules or clusters. If a reactive gas is added to the sputtering 
chamber, it will incorporate both in the surface region of the target and in the growing 
film on the substrate. It is possible to deposit a wide range of compound thin films 
just by adding a gas which can react with the sputtered material (e.g., by sputtering 
metals in an atmosphere containing a noble gas and O2 or N2, many simple oxides and 
nitrides can be deposited, respectively). Reactive deposition can be done by using a 
metal target or compound target, i.e., a nitride or an oxide. For the latest case, 
applying R.F. power to the cathode is required as oxide and some nitride targets are 
not conductive [90, 99]. The schematic representation of reactive sputtering is shown 
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Fig. 3.5. Schematic representation of reactive sputtering 
 Although reactive sputtering has the advantageous to deposit wide variety of 
compound thin films, it includes some challenges as obtaining a high deposition rate 
and complete stoichiometry of the deposited film are contradicting desires. Because at 
the same time a compound of the deposited film forms on the substrate, compound 
formation on the surface of the target (target poisoning) will occur. Because of lower 
sputtering yield of compound material compared to elemental target, the target 
poisoning will lead to lower deposition rate for the atmospheres with higher supply of 
reactive gas. There is not any linear relationship between the film stoichiometry and 
supply of reactive gas. Therefore, controlling the stoichiometry of deposited films in 
reactive sputtering with different supply of reactive gas is complex [90, 99]. 
3.2.2 Deposition of MoO3-x thin films 
3.2.2.1 Targets
Films were deposited using two different sputtering systems: KVT ion beam 
assisted sputter system and unbalanced magnetron (UBM) sputtering. For KVT, 
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Engineered Materials, Inc.), while a 4-inch diameter MoO3-target (99.9% purity, 
Super Conductor Materials, Inc.) was used for UBM sputtering. 
3.2.2.2 Substrates 
Microscope slides (soda-lime ﬂoat glass, Sail brand, Cat. No. 7101, 
manufactured by Yancheng Huida medical instruments Co.) cut to 25.4 × 36 × 1 mm 
were used as substrates for x-ray diffraction (XRD), UV-Vis photospectrometery and 
Raman spectroscopy experiments while silicon wafer with the dimensions of 
10×10×0.2 mm were used as substrates for XPS measurement.The substrates were 
degreased by immersion in acetone at 50
◦
C for 30 min then washed by ethanol and 
rinsed in deionized water before deposition. The cleaned substrates were then dried in 
air. 
3.2.2.3 Transferring the substrates to sputtering chamber 
To reduce the contamination level during the sputtering, substrates for both 
sputtering machines were first loaded to load-lock chamber prior to transferring to 
main deposition chamber. The loading of the samples to load-lock chamber was done 
after closing the gate between load-lock chamber and main chamber and venting the 
load-lock chamber. After loading the substrate holder on the sample transfer arm and 
closing the load-lock door, the load-loack chamber was evacuated to 5×10−5 torr for 
the both sputtering systems. Then substrates holder were transferred to main chamber 
using sample transfer arm. The schematic of load-lock and main chambers are shown 
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Fig. 3.6. The schematic graph of main and load-lock chamber configuration. 
3.2.2.4 Deposition process 
3.2.2.4.1 D.C. reactive sputtering 
Thin films of MoO3-x were deposited by D.C. reactive sputtering using an ion 
beam assisted sputter & thermal system (KVIBAD-T15080, T5036).  Sputtering was 
done from a 3-inch diameter Mo-target (99.95% purity, sci engineering materials) in 
an atmosphere of Ar and O2. The chamber was first evacuated to a base pressure of 
1×10−7 torr before the deposition was started. To remove the surface oxide layers, the 
target was pre-sputtered in an Ar atmosphere. For the deposition of MoO3-x films, the 
total chamber pressure was kept at 6 × 10–3 torr. Different flow rates of O2 (3, 4, 5, 6, 
7 & 12 sccm) were used while the flow rate of Ar was kept constant at 5 sccm for all 
samples. The D.C. power was 100 W for all depositions and the process was carried 
out at room temperature. First, ﬁlms were deposited with different O
2
 ﬂow rates for 
the same deposition time (240 min.) to find the deposition rate dependence on O2 flow 
rates and then different deposition times (a = 120, b = 150, c = 180, d = 180, e = 240 
and f = 240 minutes) were used to obtain a similar thickness for all samples.   
3.2.2.4.2 Unbalanced magnetron sputtering 
Main goal for this thesis is to study the effect of initial stoichiometry on the 
photochromism of MoO3−x amorphous ﬁlms. Therefore, it was important to deposit 
Main chamber Gate Load-lock 
chamber 
transfer arm 
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films with wide range of stoichiometries. The main limitation to D.C. reactive 
sputtering (Section 3.2.2.3.1) was the amount of gases that we could introduce to the 
main chamber. On the other hand, there was possibility of increasing temperature of 
growing film due to emitted electrons. Therefore, UBM sputtering was used to be able 
to deposit films with much wider range of stoichiometries comparing to what we 
could get from D.C. reactive sputtering. 
Thin films of MoO3-x were deposited by an R.F. reactive sputtering using an 
unbalanced magnetron sputtering machine (Nano Film Technologies International 
PTE LTD).  Sputtering was done from a 4-inch diameter MoO3-target (99.9% purity, 
Super Conductor Materials, Inc.) in an atmosphere of Ar and O2. The chamber was 
first evacuated to a base pressure of 1×10−6 torr before the deposition was started. For 
the deposition of MoO3-x films, the total chamber pressure was kept between 3 × 10
–3 
and 4 × 10–3 torr. Different flow rates of O2 (0 and 20) sccm and Ar (40 and 6) sccm 
were used. Two different R.F. powers (100 and 250) Watts were applied for each 
deposition atmosphere and the process was carried out at room temperature. Because 
the deposition rate strongly depends on the O2 partial pressure (PO2) and the R.F. 
power, different deposition times were used in order to get similar film thicknesses 
under different deposition conditions.  
 
3.3 UV-irradiation 
In this work the photochemical processes leading to the photochromic effect 
initiated by illuminating the samples with two UV sources. These were a UV lamp 
and a UV laser. 
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3.3.1 UV lamp 
Samples were irradiated with a 400 W UV lamp (DYMAX Light curing 
system, Model 2000 Flood, with a range from 220 to 590 nm and maximum intensity 
at 370, 380,390 nm). The irradiation was carried out with a sample distance of 13 cm, 
in an air atmosphere. Different irradiation times varying from 0 to 360 minutes were 
used for the films deposited using D.C. reactive sputtering (3.2.2.3.1), while the 
irradiation times for the films deposited using UBM sputtering machine (3.2.2.3.2) 
were varied from 0 to 180 minutes.
3.3.2 UV laser 
Virgin films deposited using UBM sputtering machine on the glass substrates 
were irradiated with a UV laser with the wavelength of 355 nm. The intensity of the 
laser radiation was kept constant (8 mW) for all films. The full details for this 
illumination method will be given in the Raman spectroscopy analysis section of 
chapter 3. 
3.4 Characterization 
3.4.1 x-Ray Diffraction Analysis 
x-ray diffraction is non-destructive analytical technique that can be used to 
obtain information about the crystal structure, chemical composition, and physical 
properties of materials and thin films. XRD was used to characterize degree of 
crystallinity of virgin and UV irradiated films; x-ray diffraction was performed by an 
x-ray diffractometer (Brukers AXS Gadds) at 26 C°. The samples were exposed to 
Cu-Kα radiation (λ = 1.54184 Å) at a scanning speed of 2 deg/min. 
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3.4.2 Thickness measurements 
3.4.2.1 Ellipsometry measurements 
Ellipsometry is an optical technique that can be used to study the dielectric 
properties of thin films. The method is based on the measurement of the changes in 
the polarization of reflected or transmitted light from a sample. Changes in 
polarization of reflected light from a material depend on the thickness and refractive 
index of the material. Therefore, it is possible to find the thickness and refractive 
index of thin films. Unlike the other optical mapping techniques (in x, y and z) which 
are limited by diffraction, ellipsometry can achieve high resolutions ~ Å in z. The 









Fig. 3.7. Schematic setup of an ellipsometry experiment. 
A variable angle spectroscopic ellipsometer (VASE) J.A.Woollam Co. model 
HS-190 was used to measure the thickness of the films deposited on glass substrates 
using D.C. reactive sputtering (Section 3.2.2.3.1). The data was collected from the 
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wavelength resolution for scanning this range was set to 5nm. The collected data were 
fitted using Cauchy model as the all deposited samples were transparent.  
3.4.2.2 SEM cross-section observation 
The thickness of the films deposited by the UBM sputtering machine (Section 
3.2.2.3.2) was measured by cross section observation of films coated on Si using field 
emission scanning electron microcopy (JEOL FESEM JSM6700F).  
3.4.3 Refractive Index measurements 
The same variable angle spectroscopic ellipsometer used for thickness 
measurements (Section 3.4.2.1), was used to measure the refractive index of the films. 
The schematic representation of the typical setup of ellipsometer is shown in Fig. 3.7. 
3.4.4 UV-visible spectroscopy 
Photospectrometer measures the absorption by passing a beam of light through 
a sample and measuring the intensity of light reaching to the detector. An absorption 
spectrometer (UV-2450, SHIMADZU) in the range 300 to 1200nm (~8300 to 33000 
cm-1) was used to measure the transmittance spectra of the films deposited by D.C. 
reactive sputtering.  
An absorption spectrometer (Ocean Optics, Model USB4000) equipped with 
cw 20 W halogen light source (Ocean Optics, Model HL-200-HP-L VF) in the range 
400 to 1062nm (~9416 to 2500 cm-1) was used to measure the transmittance spectra of 
the films deposited by UBM sputtering machine. 
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Fig. 3.8. Schematic representation of a double-beam spectrophotometer. 
For the samples used in in-situ UV-irradiation Raman-probe studies (Section 
3.4.6.2) the difference in integrated optical density between squares irradiated with 
the laser 355 nm for specific time and the surrounding un-irradiated areas of each film 
was measured using an optical microscope with 5X magnification objective in 
transmittance set up. The microscope was equipped with a CCD camera to take snap 
shot from squares and areas which have not been illuminated by laser light. The light 
source for illuminating the samples was a tungsten lamp. The images so obtained 
were analyzed to get the difference in optical density for each square and the 
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Fig. 3.9. Schematic representation of the microscope equipped with CCD 
camera used to measure the optical density of squared irradiated with 355 nm laser. 
3.4.5 XPS analysis 
XPS was used to characterize the stoichiometries and conversion between 
Mo6+ and Mo5+ for as-deposited and UV irradiated films. The XPS measurements 
were performed on a Thermo Scientific Theta Probe system equipped with a 
monochromatic Al Kα (1486.6 eV) X-ray source for MoO3 films on Si substrates.  All 
of the high resolution spectra were collected in the constant pass energy mode with 
pass energy of 40 eV.  Pure gold (Au), silver (Ag), copper (Cu), and nickel (Ni) 
standard samples were used to calibrate the binding energy by setting the Au 4f7/2, Ag 
3d5/2, Cu 2p3/2 peaks, and Ni Fermi edge at binding energies of 83.98 ± 0.02 eV, 
368.26 ± 0.02 eV, 932.67 ± 0.02 eV, and 0.00 ± 0.02 eV, respectively. To correct for 
the charge shift, the reference is taken with respect to the adventitious hydrocarbon C 
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3.4.6 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique which is based on inelastic 
scattering of monochromatic light. In modern Raman spectrometers lasers in the 
visible, near IR, or near UV range are usually used as a probe source. As a result of 
laser light interaction with molecular vibrations, phonons or other excitations in the 
irradiated sample, the energy of a small number of incident photons will be altered. 
The shifts in energy arise from the differences between the energy levels of the 
ground state and vibrationally excited state. These shifts in the energy of the incident 
photons give information on the chemical bond vibrational energies, similar to infra-
red spectroscopy.
Raman spectroscopy was used to confirm that the results of XPS were 
consistent with the bulk of the films. Also, kinetic studies were conducted using 
Raman spectroscopy to monitor and characterize the conversion between Mo6+ and 
Mo5+ for as-deposited and UV irradiated films. 
3.4.6.1 Off-line studies 
A 0.300m imaging triple grating monochromator spectrograph (Princeton, Inc. 
Acton SP2300i) equipped with confocal microscope (WITEC Focus Innovations-
alpha 300R) was used to record Raman spectra of MoO3 films deposited on the glass 
substrates. A 50x magnification objective lens was used.  A 532 nm Nd:YAG laser 
was used as a probe source. The intensity of the laser radiation was kept sufficiently 
low (1.1 mW) to avoid annealing MoO3 films by laser irradiation. All Raman spectra 
were measured in a backscattering (reflectance) geometry. For each sample, Raman 
spectra were taken over a 70 μm2 area (including 70 scan lines and 70 scan points in 
each line) with an integration time of 500 ms and then averaged over the entire 
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scanning area. The schematic diagram of the set up for Raman spectroscopy is shown 










Fig. 3. 10. Schematic diagram of experimental setup for Raman spectroscopy. 
3.4.6.2 In-situ UV-irradiation Raman-probe studies 
A series of kinetic studies were performed using Raman spectroscopy to 
monitor changes in conversion between Mo5+ and Mo6+ for films deposited by UBM 
sputtering (Section 3.2.2.4.2) on the glass substrates. The deposition conditions of the 
films were the same as the films used in Section 3.4.6.1 (off-line studies).  The same 
Raman spectroscopy equipment used in off-line studies (Section 3.4.6.1), was 
equipped first with a 355 nm Laser. This laser was used as a UV source to induce 
photochromic effect. A 40x magnification objective lens was used to focus laser beam 
on the surface of the films. The diameter of the focused beam spot was 8 μm. 
Different irradiation times varying from 0 to 90 seconds were set to irradiate squares 
with the area of 80 μm2. For each square it was set to irradiate 10 lines, each line 
including 10 spots and all spots of square with a constant irradiation time.  
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Fig. 3.11. Schematic diagram representing squares with different UV irradiated on 
virgin films. A 355 nm laser was used as illumination source. Each circle inside the 
magnified square represents the size of the laser spot. In reality the laser was 
continually raster scanned so that the spots overlapped and the irradiation time was 










Fig. 3.12. Schematic graph of scanned area inside each UV-irradiated square. 
The distances between the centers of the squares were kept more than 150 μm 























using 355 nm laser 
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schematic of the square with specific irradiation time formed in this method is 
illustrated in Fig. 3.11.  
 
 
Fig. 3.13. a) Normalized spectra of virgin films ‘α’ (black spectrum) ‘β’ (red 
spectrum) and bare glass (blue – dash dot line) to the dominant peak of glass at 1106 
cm-1 and b) Subtraction of normalized spectrum of glass, multiplied by an appropriate 
factor, from normalized spectrum of virgin film ‘α’. 
After irradiating a series of squares with different irradiation time on each 
film, the squares were probed with 532 nm laser. For each UV-irradiated square with 
the dimension of 80 μm2, Raman spectra were taken over a 60 μm2 area (including 60 
scan lines and 60 scan points in each line) with an integration time of 100 ms and then 
averaged over the entire scanning area. In this way, we could get the average 
spectrum of each square with specific UV irradiation time. The schematic for scanned 
area inside each square is shown in 3.12. The same dimension square was set to scan 
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for non- irradiated areas to get average spectra of virgin films. To avoid any effect of 
UV-irradiation, areas with the minimum distance of 400 μm from UV-irradiated 
squares were selected to scan. 
To remove any effect of glass on the spectrum of transparent films, first they 
were normalized to dominant peak of glass spectrum at 1106 cm-1 and then the 
normalized spectrum of the bare glass was subtracted from spectra of films. This 
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CHAPTER 4:  
Delayed onset of photochromism in molybdenum 
oxide films caused by photoinduced defect formation 
4.1 Overview
The goal of the current chapter is to investigate the role of oxygen vacancies in 
the photo-coloration of MoO3-x films. A series of thin amorphous films of MoO3-x 
with different deposition conditions were deposited using D.C. reactive sputtering as 
described in Section 3.2.2.4.1. During deposition the oxygen partial pressure was 
varied by changing the ratio of oxygen flow rate to argon flow rate. Table 4.1 shows 
different ratio of O2 to Ar flows and corresponding O2 partial pressure based on the 
assumption that O2 and Ar obey the ideal gas behavior. 
Table 4.1. Ratio of O2 to Ar and corresponding O2 partial pressures in sputtering 
plasma (constant total pressure, P= 6x10-3 torr). 
Sample a b c d e f 
[O2/Ar] 3/5 4/5 5/5 6/5 7/5 12/5 
PO2 mtorr 2.25 2.66 3 3.27 3.5 4.23 
Deposition time (Minutes) 
Set 1 240 240 240 240 240 240 
Set 2 120 150 180 180 240 240 
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The kinetics of film coloration under UV-light irradiation is determined using 
Shimadzu optical transmission spectrometer as described in Section. 3.4.4. The 
thickness and refractive index of the films were measured using a variable angle 
spectroscopic ellipsometer as described in Sections 3.4.2.1 and 3.4.3. Samples were 
irradiated with UV lamp as described in Section 3.3.1. From analysis of transmittance 
spectra absorbance and refractive index changes were derived. Derived absorbance 
spectra show the growth of a broad peak centered at around 830nm resulting from UV 
irradiation. It is found that, for the early times of UV radiation, the absorbance of the 
films does not change but their refractive indices do change. In other words there is an 
induction time before coloration begins. It is shown that this induction time duration 
is correlated to the O2 partial pressure during the film deposition, as controlled by the 
O2 flow rate. The origins of this observation are discussed. 
The finding of this chapter is published in the journal Science and Technology 
of Advanced Materials. 
4.2 Results and discussion 
Fig. 4.1 shows thickness of films deposited with increasing O2 flow rates for 
the same deposition time (240 minutes).  
The deposition rate is slower with higher partial pressure of O2 thus by 
increasing the O2 flow rate thinner films form for the same deposition time. Because 
at the same time a compound of the deposited film forms on the substrate, compound 
formation (molybdenum oxide) on the surface of the target (target poisoning) will 
occur. Because of lower sputtering yield of molybdenum oxide compared to 
molybdenum target, the target poisoning will lead to lower deposition rate for the 
atmospheres with partial pressure of O2 [99]. 
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Fig. 4.1. Film thickness with different oxygen flow rate during D.C. sputtering of 
MoO3-x films. (deposition time for all samples is 240 minutes). 
 
Fig. 4.2. Refractive index, n, at 589.3nm and thickness, d, for as-deposited films with 
O2 partial pressure (mtorr) and deposition time(minutes): (a) PO2 = 2.25, t = 120,  (b) 
PO2 =  2.66 and t= 150, (c) PO2 = 3 and t = 180, (d) PO2 = 3.27 and t = 180, (e) PO2 = 
3.5 and t = 240 and (f) PO2 = 4.2 and t= 240. 
Fig. 4.2 shows the refractive index, n, (at 589.3nm) and the film thickness, d, 
of films deposited with different oxygen flow rates, measured using ellipsometry. In 
order to maintain a similar thickness for all samples, different deposition times were 
used. One can see that when the O2 flow rate increases, n increases slightly. The small 
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increase in n may imply that the density of the films is slightly higher at higher PO2 
and therefore the MoO3-x stoichiometry may be more complete. Also there is no 
apparent direct correlation between thickness and refractive index. 
 
Fig. 4.3. Transmittance spectrum for sample “e” (in Fig. 4.2) as-deposited film 
(before irradiation).
Fig. 4.3 shows the transmittance spectral evolution with UV irradiation time 
for a virgin film deposited using PO2 = 3.5mtorr (corresponding to sample “e” in Fig. 
4.2). The transmittance spectra contain oscillations due to the interference between 
reflections from the interfaces of the film. The period of oscillations Δυ is related to 
the product nd by the expression Δυ = (2nd)-1. Where n is the average refractive index 
in the wavelength interval spanned by the oscillation, and d is the film’s thickness.  
From table 4.2 we can compare Δυ values obtained from transmittance spectra 
to (2nd)-1 values derived from ellipsometry. We can see that the agreement between 
the two methods is satisfactory, taking into account that the dependence of n on 
wavenumber was disregarded. 
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Table 4.2. Comparison between data derived from ellipsometry and transmittance 




(from ellipsometry, n at 
589nm) 
∆υ1=( υ 2- υ 1) 
(υ = wavenumber of peak 
point) 
∆υ 2=( υ 3- υ 2) 
 
a 7291 6900 - 
b 7508 7520 - 
c 6617 6425  
d 6948 6570  
e 5384 5660 5200 
f 6788 6600  
 
Fig. 4.4 shows the transmittance spectral evolution with UV irradiation time 
for film “e”. The absorption in the visible increases after UV irradiation and the 
oscillation in the transmittance spectra initially shift during the interval between 0 and 
60 minutes, but not much thereafter.  Since the oscillation amplitudes for the film 
thicknesses used are comparable to the absorbance changes, it is not trivial to compare 
these raw spectra as they are composed of two different components. In order to do
compare them we need to separate the contributions of these components to the 
transmittance spectra. It is possible to separate the contributions of both absorbance 
and interference using Fresnel equations for thin film transmittance [100]. However, 
in order to do that we need to model the shape and position of the absorption spectrum 
as well as the refractive index spectrum. Instead, here we used the simplified 
approach to deconvolute these spectra into their separate interference and absorption 
components. To use this method we made two assumptions. The first is that the 
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spectral shape and position of absorption spectrum are constant with UV irradiation 
time. 
 
Fig. 4.4. Transmittance spectra for films before (solid line) and after 60min (dash 
line), 120min (dot line), and 180min (dash-dot line) of UV-irradiation. (sample “e” in 
Fig. 4.2). 
The second is that the absorption spectrum does not contain oscillations of the 
same frequency as the interference effect. Both of these assumptions will be validated 
later. Then we can use Fourier filtering to separate the ‘higher-frequency’ interference 
component from ‘lower-frequency’ absorption spectrum. Fourier filtering has 
previously been successfully employed [101]. However in our case the amplitude of 
the oscillation is bigger than in reference [101] and comparable with the absorbance 
change. Additionally, because our films are thinner, the period of oscillations is 
longer and closer to the absorption spectrum width, so the approach we used is 
somewhat more involved in order to make the filtering process effective. This is 
described next. 
Firstly we want to obtain a pure difference spectrum in the visible region 
between the initial and final spectra. We do this by first selecting a film with the 
maximum number of oscillations because this will be easier to Fourier filter as the 
period of oscillation will be most different to the width of the absorption component.  
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Fig. 4.5. The deconvolution procedure, sample “e”. (a) transmittance spectra after 
120min and 360min of UV-irradiation, (b) subtraction of ‘120 min’ spectrum from 
‘360 min’ spectrum (solid line) and Fourier filtered resulting ‘model’ spectrum (dot 
line) and (c) 120 minutes UV-irradiation spectrum (solid line), ‘model’ spectrum 
times X= 0.685 (dash line) and resulting subtraction of solid line and dash line (dash-
dot line). 
Hence we selected sample “e”, which incidentally is the thickest film. Next we 
minimize the contribution of the oscillations to the absorbance by taking spectrum 
with maximum absorbance (360 minutes) and subtracting an earlier spectrum to 
generate a difference spectrum. Subtracting the spectrum for 0 minutes is obviously 
not appropriate as the oscillation shift between 0 and 60 minutes is so great. We 
therefore choose a spectrum taken at later times taking into account the observation 
that the shift of oscillations is relatively small after 60 minutes of irradiation. For this 
reason we choose to subtract the spectrum at 120 minutes from that at 360 minutes 
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(Fig. 4.5a). Incidentally, this spectrum also gave the maximum ratio of absorbance 
amplitude to oscillation amplitude after deconvoluting (Fig. 4.5b, solid line). 
The resulting difference spectrum now contains mainly the absorption 
component with a residual smaller oscillation which remains because the exact 
amplitude of the oscillation contribution will not be the same for the two spectra. In 
fact the oscillations are somewhat over-subtracted as interference contribution to the 
spectrum is naturally bigger when there is less absorbance. Next, Fourier filtering is 
applied to that subtracted spectrum to smooth out the residual oscillation to give us a 
“model” spectral envelope in terms of shape and position for the absorption 
component in the visible. This is shown in Fig. 4.5b, dotted line. 
Next, we can take the “model” spectral envelope in the visible and use that to 
extract kinetic data in the following procedure. 
Each spectrum for each irradiation time contains a mixture of an absorbance 
component and an interference component. To separate these we take the model 
spectral envelope and we subtract it from the mixed spectrum until the resulting 
spectrum contains an oscillation about flat baseline at longer wavelength (lower 
wavenumber, in the range 8300-20000 cm-1). If we over subtract the oscillation will 
bow downwards at the point of the peak maximum of the model spectrum, if it is 
under subtracted it will bow upwards. For each irradiation time the pure absorbance 
contribution is then derived from the multiple of the model subtracted from the 
transmittance spectrum to achieve a residual spectrum that does not bow up or down. 
The residual oscillations are then taken to be pure interference contribution. The 
subtraction procedure is shown in Fig. 4.5c. 
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Fig. 4.6. Residual oscillation spectra derived by subtracting the ‘model’ spectrum 
from unprocessed spectra measured off-line at different time of UV irradiation. 
Sample “e” as in Fig. 4.2. 
Fig. 4.6 shows the remaining oscillation and the initial spectrum for sample “e” 
after subtraction of the model difference spectra. As we had noted previously the 
oscillation appeared to have shifted very little during the coloration reaction at later 
times. However, as we shall see later, this was not the case at earlier times.  
 
Fig. 4.7. Absorption coefficient at peak maxima (12500 cm-1) against UV-irradiation 
time, measured every 60 minutes for films deposited using different PO2 (mtorr): (a) 
2.25, (b) 2.66, (c) 3, (d) 3.27, (e) 3.5 and, f) 4.2 (samples from Fig. 4.2). 
Fig. 4.7 shows resulting absorption coefficient at peak maxima (12500 cm-1 
corresponding) as a function of the irradiation time for the different samples. All 
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curves in Fig. 4.7 show an absorption coefficient increase with increasing irradiation 
time that begins to plateau as saturation of the absorption is approached. As a general 
trend the initial rate of the absorption change is faster for films deposited with a lower 
PO2 although the plateau value may be similar at longer times than we report. This can 
be interpreted as being due to the lower stoichiometry of the MoO3-x at reduced PO2. 
In Fig. 4.7 there is a hint of a delay in the onset of absorbance change in the 
film deposited with the highest PO2. In order to investigate the rate of color change in 
early stages of irradiation a second series of experiments were conducted on a second 
series of films, concentrating the transmission measurements on earliest times in the 
coloration process. The PO2 during deposition and thicknesses are given in table 4.3. 
Table 4.3. Oxygen partial pressure and corresponding thickness for the second set of 
samples. Thicknesses were measured using ellipsometry.  
Sample g h i j k l 
PO2  mtorr 2.25  2.66 3  3.27  3.5  4.23  
Thickness 
(nm) 
405േʹͲ  465േ͵Ͳ 555േʹͲ 565േʹͲ 475േʹͲ 310േ͵Ͳ 
 
Absorption coefficients for these films as a function of irradiation time after 
deconvolution are plotted in Fig. 4.8. It is quite clear from Fig. 8 that all films 
exhibited an induction time in the onset of the maximum rate of absorbance change. 
The induction time was determined as a point of intersection of two tangents, first one 
being a tangent to the α(t) at times before the sharp rise of α(t) and  the second one 
being a tangent to α(t) during the sharp rise. 
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Fig. 4.8. Absorption coefficient against UV-irradiation time for samples (g-l) from 
table 4.3. 
Fig. 4.9a shows the dependence of the induction time on PO2. Although the 
trend is not perfect we can generalize that the longest induction times tended to be for 
the films deposited with the highest PO2.We interpret this as being because the films 
deposited with the highest PO2 will initially possess the most complete stoichiometry 
and will have the fewest defects sites. It may be that for these films the UV-irradiation 
itself causes photochemical damage, increasing disorder and the amount of defects, 
such as oxygen vacancies, that can contribute to color change by trapping free charges 
as suggested by Deb [15, 20, 21]. 
After induction time, the absorption coefficients for most of the films in Fig. 
4.8 start to rise steeply and then become more gently sloping. The steepest rates of 
absorbance increase in the dependences from Fig. 4.8, measured just after the 
induction time, are plotted against the oxygen partial pressure in Fig. 4.9b. Again, the 
trend is not perfect, however we can generalize that the steepest slopes tended to be 
for the films deposited with the lowest PO2. And again the same arguments could be 
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Fig. 4.9. a) Induction time in coloration vs PO2during deposition, b) slope of the 
absorption coefficient dependence on UV-irradiation time (just after induction time) 
for films deposited using different PO2. Samples from table 4.2. 
To investigate changes in refractive index of the films during irradiation we 
analyzed the residual oscillation spectra. Fig. 4.10 shows transmittance spectra for 
film “i” deposited with PO2=3 mtorr, before and after UV irradiation. It is clear that at 
very early stages there is a large horizontal shift in the oscillation due to interference 
in the spectra when there is very little vertical shift due to absorption, this initial 
horizontal shift becomes less prominent and at this time the vertical shift due to 
absorbance begins.  
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Fig. 4.10. Transmittance spectra for the film deposited with PO2 =3mtorr before UV-
irradiation, after 5, 10, 15, 20, 30, 40, 60, 90, 120 and 180 minutes of UV-irradiation. 
(sample “i” in table 4.2). ν1 , ν2  denote the approximate oscillation maxima positions 
used  in Fig. 4.11. 
The peak position difference Δν12 = ν2 – ν1 in the residual oscillations for the 
data in Fig. 4.10 (sample i) is plotted against the UV irradiation time in Fig. 4.11. The 
absorption coefficient change with irradiation time for the same sample is shown as 
well.  
 
Fig. 4.11. Peak position difference (Δν12 = ν2 – ν1;  ν1, ν2 are shown in Fig. 4.10) of 
residual interference oscillations against UV-irradiation time (red squares, left Y-
axis), and absorption coefficient against UV-irradiation time (open stars, right Y-
axis). Sample “i" as in Fig. 4.9 deposited at PO2 = 3 mtorr. 
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One can see from Fig. 4.11 that the main increase in Δν12 occurs during the 
initial 30 min of irradiation. This also roughly corresponds to the induction period for 
the absorption change, when the absorption coefficient is still very low.  Both 
oscillation peaks, ν2 and ν1 from Fig. 4.10, are positioned within the rising absorption 
envelope. In fact only during this induction time we can safely ignore the abnormal 
change of the refractive index caused by absorption, since the absorbance is low at 
this time. We can state here that the product nd decreases by up to 15% with 
irradiation time since it is inversely proportional to Δν12. This can be due to the film 
getting thinner or by n getting smaller, either from chemical changes or density 
changes. If the film is damaged from UV irradiation as we have speculated 
previously, then this could cause a chemical or structural change, such as oxygen loss 
that may affect n. Or the film could get thinner due to chemical or structural changes, 
such as oxygen loss. Either way the film is getting optically thinner with irradiation 
time, during the induction period. 
In our separation of absorbance and nd change from the transmission data we 
make two assumptions. The first is that the spectral shape and position for the color 
centers will be constant with time. The second is that the spectrum does not contain 
higher frequency oscillation of similar frequency to the interference effect. From our 
analysis we found that in general the spectra obtained from many Fourier filtering 
procedures gave similar spectral shapes and peak maxima. We are therefore confident 
that small variations in the spectra will not add significant error to the derived 
kinetics. Although it has been reported that there is some small band structure in 
MoO3 films we did not see any such structure remaining in the residual oscillation 
after Fourier filtering. We can therefore assume that their contribution would be much 
less than oscillation and be confident that this will not affect the derived kinetics. In 
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any case even when reported the amplitude of the band structure was much less than 
the amplitude of the overall absorption envelope. 
4.3 Conclusions 
The dynamics of coloration of MoO3-x films, D.C. sputtered using different 
oxygen partial pressure under UV irradiation was studied to address the role of 
oxygen vacancies in photochromism. Contributions of absorbance and interference in 
transmittance spectra were separated from spectral analysis so that the independent 
evolution of absorbance and refractive index of the films were assessed. For all 
oxygen pressures used for deposition of the films the broad absorption peak centered 
at about 830nm increases with UV irradiation time. For the UV lamp intensities that 
we used, for all oxygen pressures, the absorption change saturated after about 6 hours 
to approximately the same level of absorption coefficient (6000-7000 cm-1, 
corresponding to an absorbance of ~0.3 for the film thicknesses used here). The 
difference in oxygen pressure during the deposition affects mainly the initial stage of 
UV irradiation. By increasing oxygen partial pressure during sputtering, the initial 
rate of absorbance change decreases upon UV irradiation. In the early time of UV 
irradiation the absorption starts growing after a certain delay or induction time. The 
duration of this induction time depends on the oxygen pressure during the film 
deposition. The higher the pressure, the longer is the induction time. It was also 
shown that during this induction time the product of refractive index and film 
thickness undergoes the most change, which indicates the structural or chemical 
changes within the film. This change in nd is not associated with the absorbance 
change itself as it happens before the onset of steep absorption change. This induction 
time was attributed to formation of oxygen vacancies or other defects.  
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These results show that the initial stoichiometry plays an important role in 
photochromism for MoO3-x amorphous films especially in the initial stages of UV 
irradiation. In the future, it would be interesting to study the early stages of UV 
irradiation in more detail in order to understand why we observe an induction time 
and structural changes during the initial stage of UV irradiation for MoO3-x films with 
different density of oxygen vacancies. 
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CHAPTER 5:  
Photochromism of amorphous molybdenum oxide 




5.1  Overview 
The results of the previous chapter demonstrate the importance of the initial 
stoichiometry in the photochromism of MoO3−x amorphous ﬁlms, particularly in the 
initial stages of UV irradiation. Therefore, it is important to deposit films with wide 
range of stoichiometries to study the effect of the initial stoichiometry on the 
photochromism of MoO3−x amorphous ﬁlms. The D.C. reactive sputtering system 
(described in Section 3.2.2.3.1) used for deposition of samples for the previous 
chapter has 3 limitations which make deposition of films with wider range of 
stoichiometries almost impossible. These limitations are the need to have a conductive 
target, the flow rate of gases that can be introduced to the main chamber and the 
increase in the temperature of growing films due to the emitted electrons from the 
target. All of these problems could be solved using UBM sputtering machine which is 
equipped with an R.F. power supply. Firstly, it is possible to use metal oxide targets 
for R.F. sputtering systems. Therefore, the deposition of MoO3-X films with more 
deviation from complete stoichiometry will be feasible simply by deposition in pure 
Ar atmosphere. Secondly, for this UBM sputtering machine (described in 
CHAPTER 5: Results and Discussion 
 
  
Photochromism of Molybdenum oxide      
 
69 
Section3.2.2.3.2) a wider range of gas supplies could be introduced to deposition 
chamber. Hence, deposition of films with wider range of stoichiometry can be 
achieved. And thirdly, the applied magnets behind the cathode in unbalanced 
magnetron system will reduce an extensive bombardment of the substrate by emitted 
electrons from the target. Therefore, overheating of the growing film will not occur. 
Based on these advantages, the UBM sputtering machine equipped with an R.F. 
power supply was used to deposit films with much wider range of stoichiometry. 
Details of deposition parameters for the current chapter are described in Section 
3.2.2.3.2. 
As has been widely reported [5, 28, 29], Mo5+ forms as a result of UV 
irradiation leading to coloration. Therefore, it is very important to detect changes in 
Mo5+ concentration caused by UV irradiation. Since X-ray photoelectron 
spectroscopy (XPS) is a powerful method to distinguish different oxidation states, it 
has been successfully used to monitor changes in the Mo-oxidation state such as 
between Mo6+ and Mo5+ as well as to monitor changes in the valence band spectra 
corresponding to photo-coloration [5, 83]. However, XPS has its limitations. For 
example it is a surface sensitive technique and therefore there is always the possibility 
that we are characterizing a surface which may not be similar to the bulk material. For 
this reason it is better to compliment XPS data with a bulk sensitive technique such as 
Raman spectroscopy. 
Raman studies have been successfully carried out on molybdenum oxide films 
and it has been shown that the progress of photo-coloration corresponds to increases 
in lattice defects. However, most Raman spectroscopy studies on MoO3 structure are 
devoted to crystalline films [12, 85, 89] and less have been carried out on amorphous-
films [11, 12, 73]  
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The goal of the current work is to investigate the coloration reaction of MoO3-x 
films and the relation of the extent of coloration to the Mo oxidation state using three 
complimentary methods: photo-spectroscopy, Raman spectroscopy and XPS.  The 
experimental information obtained using all three methods can be compared for the 
same films prepared with different oxygen content. A 400W UV lamp was used as 
UV source. The Raman spectra of samples were taken as described in Section 3.4.6.1.  
 The temporal evolution of absorption coefficients for all films under UV light 
irradiation is measured using optical transmission spectroscopy. The largest change in 
absorption was observed for the film deposited with greatest deviation from complete 
stoichiometry (MoO3), hence highest initial Mo
5+ content. The temporal evolution of 
absorption coefficients for all the films shows an initial fast rise within first minute of 
irradiation. XPS and Raman results show that for all films the Mo5+ content increases 
as a result of UV irradiation except for the less stoichiometric film with the highest 
initial Mo5+ content, for which the Mo5+ content decreases relative to Mo6+ despite the 
fact that the absorption of the film continues to rise. 
The finding of current chapter is published in the journal “Applied Surface 
Science.” 
5.2 Results and discussion 
5.2.1 Virgin films 
To study the effect of defects on the intrinsic color of MoO3 deposited films, 
four sample films were deposited under different deposition conditions. PO2 and R.F. 
power were varied to change the amount of defects of the films. This allowed us to 
study both the effect of oxygen defects on the intrinsic initial color and the photo-
coloration of films caused by UV irradiation. The essential parameters of the 
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deposition are shown in Table 5.1. Two films, ‘α’ and ‘β’, were deposited at relatively 
high PO2 but with different R.F. power: ‘α’ – with low R.F. power and ‘β’ – with high 
R.F. power. Two films, ‘γ’ and ‘δ’, were deposited at PO2=0, ‘γ’ with low R.F. power 
and ‘δ’ – with high R.F. power. The thickness of films was measured by cross section 
observation of films coated on Si using field emission scanning electron microcopy 
and the data is given in table 5.1. As an example the SEM cross-sectional images for 
film ‘γ’ and ‘δ’ are shown in Fig. 5.1. 
  
Fig. 5.1. Scanning electron microscopy (FESEM) image of the cross-section of the as-
deposited film: a) ‘γ’ and b) ‘δ’ deposited on Si substrates.  
Table 5. 1. Deposition condition for samples. 
Parameters Film ‘α’ Film ‘β’ Film ‘γ’ Film  ‘δ’ 
PO2 (m Torr) 3.84 3.84 0 0 
R.F. power (W) 100 250 100 250 
Deposition time (min.) 825 120 165 60 
Bias Voltage (V) 243-235 356-375 214-160 198-195 
Thickness (nm) 165േʹͲ 125േʹͲ 170േͳͲ 250േͳͲ 
 
a) b)
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Fig. 5.2. X-ray diffraction spectra of sample deposited without oxygen in plasma at 
250 W R.F. power on glass substrate (film ‘δ’), a) virgin b) after heat treatment of the 
same sample at 400° C for 2 hours. 
The x-ray diffraction pattern for the film ‘δ’ (low PO2, high R.F. power) is 
shown in Fig. 5.2a. This spectrum is typical for all other films. The x-ray diffraction 
was very broad for all virgin films indicating the amorphous nature of the deposited 
films. Fig. 5.2b shows the XRD pattern for the same sample after heat treatment in air 
at 400 C° for 2 hours. Now if we compare the XRD for the amorphous-film (Fig. 
5.2a), we will see that for crystalline films several sharp peaks have appeared in the 
interval of the broad peak of the amorphous-film. This indicates that the broad peak 
that can be seen in Fig. 5.2a, comes from the MoO3 a-film not from the glass. We can 
also conclude that beside the main content of MoO3, three other phases (Mo17O47, 
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Mo9O26 and Mo) exist in the crystallized film. The crystal structure of the MoO3 phase 
is orthorhombic (α-phase) with (space group Pbnm) with lattice constants a=3.962 Å, 
b= 13.858 Å, and c= 3.697 Å. 
The stoichiometries of the deposited films were derived from the ratio of peak 
areas of Mo 3d and O1s core XPS data for each film and are shown in Table 5.2 
(considering that the XPS atomic sensitivity factor for Mo 3d =9.5 and O 1s = 2.93 
and also that the transmission function for Mo =1.87 and O = 2.93). As an example 
the Mo 3d and O1s core level spectra for film ‘γ’ are shown in Fig. 5.3. 
 
 
Fig. 5.3. XPS spectra of a) Mo 3d and b) O 1s for film deposited without oxygen in 
plasma at R.F. power of 100 W (film γ). 
From table 5.2 we can conclude that changing the R.F. power and changing the 
PO2 during deposition results in films with different stoichiometry: film ‘δ’ which was 
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deposited under PO2=0 and with high R.F. power has the strongest deviation from 
MoO3 stoichiometry, while film ‘α’, deposited under high PO2 and low power is 
almost stoichiometric.  
Table 5.2. Elemental percentage of Mo and O, stoichiometry ([O]/[Mo]) and 
deviation from complete stoichiometry (x) in MoO3-x for as-deposited virgin films. 
Film Mo% O% [O]/ [Mo] 
Deviation of O from MoO3-x  
(x) 
α 25.5 േ ͲǤ͵ 74.5 േ ͲǤ͵ 2.92 േ ͲǤͲͶ 0.08 േ ͲǤͲͶ
β 26.2േͲǤͳͷ 73.8േ݋Ǥͳͷ 2.82േͲǤͲ  ͵ 0.18േͲǤͲ  ͵
γ 27േͲǤʹͺ 73േͲǤʹ  ͺ 2.7 േͲǤͲͶ 0.3 േͲǤͲͶ 
δ 27.8േͲǤͳ  ͵ 72.2േͲǤͳ  ͵ 2.59േͲǤͲͳ 0.4േͲǤͲͳ 
 
The Mo 3d core level spectra for virgin films ‘α’-‘δ’ as well as for the same 
films after UV irradiation are shown in Fig. 5.4.  Peak fittings of spectra are shown as 
well. In this section we will discuss spectra of virgin films. Spectra of the UV 
irradiated films will be discussed later in section 5.2.2. Spectrum for virgin film ‘α’ 
can be fitted with a single spin-orbit doublet with peak maxima at binding energies 
232.3eV (Mo 3d5/2) and 235.4eV (Mo 3d3/2). These peaks are associated with Mo in 
formal (+6) oxidation state [5, 28, 29, 83]. Spectra for virgin films ‘β’-‘δ’ can be 
fitted with two spin-orbit doublets: one stronger doublet with peak maxima at binding 
energies around ~232.3eV and ~235.5eV and another weaker doublet with peak 
maxima at binding energies around ~231.2eV and ~234.3 eV. The stronger doublet 
can be attributed to Mo6+ while the weaker one [5, 28, 29, 83] to Mo5+. The weaker 
CHAPTER 5: Results and Discussion 
 
  
Photochromism of Molybdenum oxide      
 
75 
doublet contribution to the XPS spectra increases from virgin film ‘β’ to virgin film 
‘δ’. Therefore, from Fig. 5.4 we can conclude that the increase in PO2 during the 
deposition leads to a decrease in Mo5+. At the same time increase in R.F. power leads 
to increase in Mo5+. 
 
Fig. 5.4. Mo 3d structure of virgin and UV irradiated films of a) film ‘α’, b) film ‘β’, 
c) film ‘γ’ and d) film ‘δ’. Solid black spectra represent raw data,  light gray (dash-dot 
line) and dark gray (dash line) spectra show fits representing different oxidation states 
and the dot lines (red dot lines) show the fitted envelope of these components after 
deconvolution while background is shown by blue (solid) spectra. 
The deposition rate is extremely sensitive to the oxygen partial pressure. A too 
low PO2 will cause high rate sputtering, but may give rise to an under-stoichiometric 
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composition of the deposited film. A too high PO2 will allow for stoichiometric 
composition of the deposited film, but deposition rate will be reduced significantly as 
a result of the target surface poisoning [99]. Therefore, reduction in Mo5+ content of 
the films by increasing oxygen partial pressure is expected.  Films ‘γ’ and ‘δ’ which 
were deposited without oxygen in the plasma show greater deviation from complete 
stoichiometry and also they have more Mo5+ than the films deposited with oxygen in 
the plasma. This can be either caused by lack of oxygen in the plasma, or higher 
deposition rate for films deposited by pure Ar plasma [10]. In fact, even a small 
amount of oxygen in the plasma significantly reduces the Mo5+ concentration 
significantly (data is not shown) which suggests that the deposition rate is of primary 
importance.  
 
Fig. 5.5. Valence band XPS of as deposited virgin films ‘α’-‘δ’ on Si substrates. 
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Comparing films deposited with constant PO2 but different R.F. power, reveals 
that films ‘β’ and ‘δ’ have higher Mo5+ content in comparing to films ‘α’ and ‘γ’, 
respectively. The reason is that increase in R.F. power in the constant reactive gas 
supply, increases the deposition rate and as explained above, high sputtering rate will 
lead to under-stoichiometric composition films formation [103]. Because of this, XPS 
spectrum shape for virgin film ‘δ’ deposited in pure Ar plasma with high R.F. power 
looks different from the other spectra of virgin films. Fig. 5.5 shows the valence band 
XPS spectra of films ‘α’-‘δ’. A weak peak seen at low binding energies (at about 
~1eV) associated with occupied Mo 4d states appears close to the Fermi energy. This 
must be associated with oxygen vacancy defects [83] to give MoO3-x, which is no 
longer 4d0. This peak is more pronounced for films ‘δ’ and ‘γ’,  than for films ‘α’ and 
‘β’ which means that there are more oxygen vacancies in the films deposited with 
pure Ar plasma than in the films deposited in the O2 rich plasma. Also from Fig. 5.5 
we can conclude that our samples do not contain detectable amounts of MoO2: it is 
reported [83] that two strong and relatively narrow peaks should appear on the top of 
the O 2p valence band for MoO2, but these peaks could not be observed in Fig. 5.5. 
This supports our assignment of the second oxidation state in the Mo 3d core data to 
Mo5+. 
XPS results showed that the Mo5+ concentration increases from virgin film ‘α’ 
to virgin film ‘δ’. However, XPS is a surface chemical analysis technique and the 
surface composition of the films could be different from their bulk composition, as it 
is exposed to the atmosphere. Therefore, Raman spectroscopy which is bulk sensitive 
was used to characterize the bulk of the deposited films. The Raman spectra for virgin 
films ‘α’ –‘δ’ as well as for the same films after UV irradiation are shown in Fig. 5.6. 
Spectra of the UV irradiated films will be discussed later in Section 5.2.2. In the 
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Raman spectra of virgin films ‘α’ and ‘β’ there are peaks at ~ 830 and ~ 950 cm-1 
while for films ‘γ’ there is a very broad peak centered at  ~ 850 cm-1 and for film ‘δ’ 
there is a peak at ~ 910 cm -1. The two distinct peaks at ~ 830 cm-1 and ~ 950 cm-1 are 
in good agreement with literature and can be assigned to vibrations of the O— 
Mo6+—O and Mo6+=O bonds, respectively [12]. The shoulder at ~ 410 cm-1 observed 
in the Raman spectra of films ‘γ’ and film ‘δ’ is absent for films ‘α’ and ‘β’. A rise of 
the shoulder at ~ 410 cm-1 and a reduction of the peaks at  ~ 830 cm-1 and at ~ 950 
cm-1 with increasing Mo5+ concentration is close to what was reported by Lee et al. 
[12]. Therefore, we assigned peaks at 830 cm-1 and 950 cm-1 as a signature of bonds 
involving Mo6+ and peaks between 850cm-1- 910 cm-1 and at 410 cm-1 as a signature 
of bonds containing Mo5+. Note that between 850cm-1 - 910 cm-1 the spectral changes 
are subtle and these changes will be discussed in depth later vide infra. 
 
Fig. 5.6. Raman spectra for virgin (dot lines) and UV irradiated (solid lines) films ‘α’ 
– ‘δ’ on glass substrates. 
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Transmittance spectra of virgin films are shown in Fig. 5.7. It is obvious from 
Fig. 5.7 that the increase of the Mo5+concentration in the films increases their 
absorbance.  
 
Fig. 5.7. Transmittance spectra for virgin films ‘α’ – ‘δ’ on the glass substrates. 
Spectra for films ‘α’ and ‘β’ are significantly affected by interference. 
However, their absorbance is negligible. These films show similar absorbance spectra 
and apparent peaks that are seen at around 480nm and 900nm are originated from thin 
film interference, rather than absorption, with the differences being due to different 
film thicknesses. Spectra for films ‘γ’ and ‘δ’ have significant absorbance so 
interference affects them minimally. Fig. 5.8 shows absorption coefficients (α) of the 
films, plotted against their Mo5+ relative concentrations. Absorption coefficients were 
estimated taking into account the effect of interference. The Mo5+ % were determined 
from the XPS data for films prepared under the same conditions as those used for UV-
visible analysis.  
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Fig. 5.8. Changes in absorption coefficient of virgin (black squares) and UV 
irradiated (red stars) films against corresponding Mo5+ % in films deposited on the 
glass substrates. 
The notable feature of Fig. 5.8 is that the absorption coefficient of the virgin 
films increases linearly with the Mo5+ %. Absorption coefficients of virgin films are 
shown with black squares. As it was reported [5, 29] Mo5+ is generally accepted to be 
responsible for absorption in MoO3-x films.  Therefore, we can conclude that photo-
spectroscopy data is in good agreement to XPS and Raman data as well as with 
literature. 
5.2.2 UV-irradiated film 
To study photochromic behavior of films ‘α’-‘δ’ the films were exposed to UV 
irradiation. XPS, Raman and photo-spectroscopic characterizations of the UV 
irradiated films are described below. The main goal is to monitor changes in the 
oxidation states of Mo resulting from UV irradiation and to correlate these changes to 
color change.  
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Fig. 5.9. x-ray diffraction pattern for the film ‘δ’ after 3 hours UV-irradiation. 
XRD characterization of the UV irradiated films was performed. This data is 
shown in Fig. 5.9 which is an XRD spectrum for film ‘δ’ exposed to UV for 3 hours. 
The XRD spectra for all other films look similar and no sign of crystallization or 
annealing was observed. This means that the films remained amorphous during the 
UV irradiation. 
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Fig. 5.10. Transmittance spectra before and after 3 hours of  UV irradiation for a) film 
‘α’, b) film ‘β’, c) film ‘γ’ and d) film ‘δ’ on glass substrates Inserts: corresponding 
coloration kinetics (changes of absorption coefficients at absorption maxima) during 
UV irradiation.
The transmittance spectra before and after 3 hours of UV irradiation for films 
‘α’ –‘δ’ are shown in Fig. 5.10a) - d) respectively. Inserts in corresponding figures 
show temporal evolution of the corresponding absorption coefficients at the 
absorption peak maxima during UV irradiation process. The largest change in 
absorption was observed for film ‘δ’. The absorption coefficients for all the films 
show initial fast rise within first minute of irradiation. Then for films ‘α’ – ‘γ’ the 
absorption coefficients are almost saturated, continuing increasing with much slower 
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rate. However for film ‘δ’ absorption continues rising with just slightly slower rate 
and saturates only after about 1 hour of UV irradiation. 
 
Fig. 5.11. Shifts in λmax of transmittance spectra of films ‘α’ – ‘δ’ during UV 
irradiation. 
Shifts in the peak position (λmax) of transmittance spectra during UV irradiation 
for films ‘α’ – ‘δ’ are plotted in Fig. 5.11. For films ‘α’, ‘β’ and ‘γ’ the change in peak 
positions is relatively small and could be governed by the interference. For film ‘δ’ 
interference should be negligible due to relatively high absorbance.  The peak position 
for the transmittance spectrum of film ‘δ’ changes significantly to longer wavelengths 
and is the largest compared to the other films. This may suggest that the coloration of 
film ‘δ’ has a different origin to the coloration of the other films. 
Mo 3d core XPS spectra for films ‘α’ - ‘δ’ before and after UV irradiation are 
shown in Fig. 5.4. The XPS spectra for UV irradiated films were fitted with Mo6+ and 
Mo5+ doublets in the same way as described above for virgin films XPS spectra. 
Comparing the XPS Mo 3d spectra of the films before and after UV irradiation we 
can see that, the Mo5+ doublet becomes stronger in films ‘α’, ‘β’and ‘γ’ after UV 
irradiation. For film ‘δ’, the Mo5+ doublet actually becomes weaker after UV 
irradiation. 
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The calculated percentage of Mo atoms and O atoms for UV irradiated films 
based on the area under corresponding curves of Mo 3d and O 1s are listed in the 
Table 5.3. The changes in the stoichiometry of the films after UV-irradiation are 
smaller than the experimental error therefore we conclude that the stoichiometry does 
not change during UV-irradiation. 
Table 5.3. Elemental percent of Mo and O, stoichiometry ([O]/[Mo]) and deviation 
from complete stoichiometry (x) in MoO3-x for UV irradiated films.  
Film Mo% O% [O]/ [Mo] 
Deviation of O from MoO3-x  
(x) 
α 26േͲǤ͸ 74േͲǤ͸ 2.84േͲǤͲ  ͺ 0.16േͲǤͲ  ͺ
β 26.32േ ͲǤͲ͹ 73.68േͲǤͲ͹ 2.8േͲǤͲͳ 0.2േͲǤͳ 
γ 27.27േ0.2 72.73േͲǤʹͲ 2.66േͲǤͲ  ͵ 0.34 േͲǤͲ  ͵
δ 27.52േ ͲǤͶͶ 72.48േͲǤͶͶ 2.64േͲǤͲ͸ 0.36േͲǤͲ͸ 
* Values from table 5-2. 
To correlate the Mo5+ concentration change with the change in the absorption 
spectra during UV irradiation, absorption coefficients at peak maxima of all the films, 
virgin and UV irradiated, are plotted against Mo5+ % in Fig. 5.8. The same linear 
correlation seen for non-irradiated films is also observed for all the irradiated films 
except for film ‘δ’. Therefore, film ‘δ’ exhibits anomalous behavior upon UV 
irradiation in terms of the Mo5+ content. However, it still becomes more colored. Note 
that this behavior was reproducible for repeated samples prepared using the same 
deposition conditions. 
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However XPS is a surface sensitive techniques and the anomalous behavior of 
film ‘δ’ might come from its surface oxidation, although it has not been observed for 
the other films. To assess the change of Mo5+ % in the bulk of the films, we have 
performed Raman spectroscopy of the films after UV irradiation. Raman spectra of 
films ‘α’-‘δ’ after UV irradiation are shown in Fig. 5.6. Raman spectra of as deposited 
films are shown as well for comparison. 
Comparison of Raman Spectra of the films before and after UV irradiation 
(Fig. 5.6) reveals that a strong peak rises at ~ 410 cm-1 after UV irradiation for films 
‘α’, ‘β’ and ‘γ’, but not for film ‘δ’. Also, it is apparent that for film ‘α’ and ‘β’ a peak 
at ~ 910 cm-1 rises after UV irradiation. 
 
Fig. 5.12. Raman spectra for film ‘β’ (dash-dot line), difference (UV irradiated – 
virgin) for film ‘δ’ (dot line) and smoothed of difference spectrum of film ‘δ’ (solid 
line). 
Following analysis of Raman spectra of the virgin films (Fig. 5.6) we can 
conclude that Mo5+ increases after UV irradiation for films ‘α’-‘γ’, but not for film 
‘δ’. Moreover, a slight relative increase at 830 cm-1, which is a spectral region 
associated with Mo6+, could be noticed for the spectra of film ‘δ’.  
To enhance the observed changes in the Raman spectra of virgin and UV 
irradiated film ‘δ’, their difference spectrum is plotted in Fig. 5.12. The spectrum of 
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film ‘β’, which is a spectrum for a film having little Mo5+, before UV irradiation is 
shown as well for comparison. It can be seen that the difference spectrum shows a 
decrease of Mo5+ ( minimum at ~ 400 cm-1 and 900 cm-1) and increase in Mo6+ ( 
maxima at 800 cm-1 and 975 cm-1). Therefore, qualitatively Raman spectral data 
agrees with the XPS data for the bulk of the films. 
To correlate changes in the bulk material, observed using Raman spectroscopy, 
more accurately with changes, observed using XPS, peak fitting of Raman spectra for 
films ‘α’ – ‘δ’ before and after UV irradiation was carried out. Peak fitting was 
performed in the spectral range 550 – 1000 cm-1 using Gaussian functions, peak 
center positions and widths of the Gaussians were kept constant for all the fitted 
spectra. The results are shown in Fig. 5.13. Spectra of virgin films ‘α’ can be fitted 
with three Gaussians centered at 735, 847 and 956 cm-1. These peaks are analogous to 
those at 665,818, and 995 cm-1 for crystalline MoO3 film [11]. XPS spectra (Fig. 5.4) 
revealed that this film contains only Mo6+. Therefore, we can assume that all these 
three Gaussians can be associated with vibration bands of the bonds involving Mo6+. 
These Raman bands can be assigned to the terminal oxygen (M = O) stretching mode 
at 956 cm-1, the doubly connected bridge-oxygen (Mo2 - O) stretching mode at 847 
cm-1, and the triply connected bridge-oxygen (Mo3 - O) stretching mode at 735 cm
-1. 
Raman spectra of films ‘α’ after UV irradiation as well as the spectra of films ‘β’, ‘γ’ 
and ‘δ’ before and after UV irradiation could not be fitted with just these three 
Gaussians. Additional Gaussians, centered at 670, 905 and 990 cm-1, were required. 
For virgin film ‘β’ these peaks are very weak. But these peaks for films ‘γ’ and ‘δ’ are 
relatively strong, and those films have the highest Mo5+ content according to XPS 
data. We assume that these new peaks at 670, 905 and 990 cm-1 are related to 
vibration bands of the bonds involving Mo5+. By analogy with bands involving Mo6+, 
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these bands could be assigned to the terminal oxygen stretching mode at 990 cm-1, the 
doubly connected bridge-oxygen stretching mode at 905 cm-1, and the triply 
connected bridge-oxygen stretching mode at 670 cm-1. 
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Fig. 5.13 Gaussian peak fitting of Raman spectra in the spectral region 550cm-1 – 
1000 cm-1 for a): film ‘α’, b): film ‘β’, c): film ‘γ’ and d): film ‘δ’ before (left) and 
after (right) UV irradiation. The dotted (black) lines represent the experimental data 
after subtracting the baseline,  solid (blue) lines show Gaussian peaks associated with 
vibrations of bonds involving Mo6+, dashed line (red) shows Gaussian peaks 
associated with vibrations of bonds involving Mo5+  and solid (brown) lines  show the 
fitting envelopes of the Gaussian peaks. 
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Fig.5.14 shows the correlation of the ratio of the intensity of the peak at 905 
cm-1 (bonds involving Mo5+) to the intensity of the peak at 847cm-1 (bonds involving 
Mo6+) with Mo5+/Mo6+ obtained from the XPS data for all the samples. The 
correlation is close to linear. And in the same manner as the Mo5+ relative content the 
relative intensity of peak at 905 cm-1 decreases for film ‘δ’ after UV irradiation. 
 
Fi3g. 5.14. Ratio of peak intensities of peak at 905 cm-1 to the peak at 847 cm-1 for 
virgin (black squares) and UV irradiated (red stars) films against the relative 
concentration of Mo5+ to Mo6+ extracted from XPS data. 
From the above consideration, the information achieved using Raman 
spectroscopy validates that the XPS data represent the bulk correctly. 
We can therefore conclude from a range of methodologies that the absorption 
coefficient of film ‘δ’ increased despite a reduction of Mo5+ concentration. This 
finding confirms the previously reported findings of Wanger et. al [17]. Wanger et al. 
have shown in their EPR studies of MoO3 films that optical density increases linearly 
with increase of Mo5+ but after reaching to a critical Mo5+ concentration, it increases 
independently. 
An additional point of interest is that we did not observe any water signal in 
the Raman spectra of the films in the spectral region around 3000cm-1. Therefore, 
there is no evidence that Mo5+ in the films is originated from Mo bronze as suggested 
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by [16] and rather it arises from oxygen vacancies which are formed intrinsically 
during the deposition processed employed in this work.  
5.3 Conclusion 
Molybdenum oxide amorphous films with different initial stoichiometries and 
Mo5+ relative concentrations were deposited using unbalanced magnetron sputtering 
method. This was achieved by varying oxygen concentration in the deposition plasma 
and R.F. power. Stoichiometries and Mo5+ concentrations were measured using XPS 
and Raman spectroscopy. It was shown that the color of the as-deposited virgin films 
is directly related to the concentration of Mo5+. When the films were exposed to UV 
irradiation the color increased more for the films with a greater deviation from the 
complete stoichiometry and a higher initial Mo5+ concentration. Most of the films 
have shown same direct relation between color and Mo5+ concentration before and 
after UV irradiation. However, one set of films (film ‘δ’) which initially had the 
greatest deviation from the complete stoichiometry and the highest Mo5+ 
concentration did not follow this direct relation after being UV irradiated.  
Hence the photochromism of molybdenum oxide amorphous-films with more 
complete stoichiometry and hence, with lower concentration of oxygen vacancies, is 
generally accompanied by Mo5+ formation. However, the film deposited with the 
greatest deviation from stoichiometry (hence with highest concentration of oxygen 
vacancies) and highest Mo5+ concentrations after being exposed to UV irradiation 
does not fit to this description; hence different mechanisms could be responsible for 
photochromism of films with different initial stoichiometries. 
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In-situ UV-irradiation Raman-probe studies 
6.1 Overview 
The results of the previous chapter demonstrated the importance of the initial 
stoichiometry to the photochromic behavior of amorphous MoO3-x films. It was 
shown that when the films with different stoichiometry and initial Mo5+ relative 
concentration were exposed to UV irradiation, the color increases more for the less 
stoichiometric films with a higher initial Mo5+ concentration. The coloration reaction 
for most of the films is accompanied by enhancement in Mo5+ relative concentration. 
However, one set of films (film ‘δ’), which initially had the greatest deviation from 
the complete stoichiometry and the highest Mo5+ concentration, did not follow this 
direct relation after being UV irradiated. This finding suggests that there are other 
mechanisms leading to photo-coloration that do not involve an increase in the Mo5+ 
concentration and in some cases may be associated with a decrease in the Mo5+ 
concentration as seen with film ‘δ’ in Chapter 5. To investigate the existence of other 
mechanisms which could be involved in the coloration reaction, a more detailed study 
of the kinetics of coloration of the films were conducted in conjunction with an in-situ 
Raman investigation. This was done in order to correlate the changes in Mo5+ and 
Mo6+ concentration to color changes during UV irradiation even at early stages of 
UV-irradiation. Note that in the previous chapter it was demonstrated that Raman 
spectroscopy could give information about the chemistry of the bulk of the films 
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which appeared to correlate well with the changes in Mo5+ and Mo6+ concentrations as 
determined by XPS.
Amorphous MoO3 thin films with the same deposition condition described in 
previous chapter were used for these more detailed kinetic studies. In these studies the 
355 nm Nd:YAG laser was used as the UV source. For each film several squares with 
different UV irradiation time were created (details in Section 3.4.2). Subsequently, the 
Raman spectra of these irradiated squares were measured using a 532 m Nd:YAG 
laser as a probe source over a 60 μm2 square. The Raman spectra were once again 
fitted with either 3 or 6 Gaussian bands which should correlate with Mo5+ and Mo6+ 
concentrations. In the current chapter we have made a slight adjustment to the model 
as we will describe (vide infra). 
The absorbance changes for each of the UV-irradiated squares was derived by 
analyzing optical images taken in transmission by a microscope equipped with a CCD 
camera with a broadband tungsten illumination source. In this way integrated 
absorption changes could be obtained by comparison of the intensity of light 
transmitted through the irradiated squares with the light transmitted through non-
irradiated areas. This absorption data could then be directly associated with the 
Raman spectral changes. 
6.2 Results and discussion 
Fig. 6.1 shows Raman spectra of virgin films ‘α’ – ‘δ’. Raman spectra of virgin 
films ‘α’ and ‘β’ show two distinct peaks at ~ 830 and 950 cm-1 which are less distinct 
in the spectra of films ‘γ’ and ‘δ’. In the previous chapter, these two peaks were 
assigned to vibration bands of the O— Mo6+—O and Mo6+=O bonds, respectively. 
The Raman spectrum of film ‘γ’ has a broad peak centered at ~ 850 cm-1 with two 
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shoulders at ~ 945 and ~ 750 cm-1 and Raman spectrum of film ‘δ’ shows a peak 
centered at 888 cm-1 with a shoulder at ~750 cm-1. The peaks seen at ~ 850 and ~ 890 
cm-1 in Raman spectra of films ‘γ’ and ‘δ’, respectively, arise from the vibration of 
doubly connected bridge-oxygen stretching mode. Based on the model used for peak 
fitting in Chapter 5, the shifts of these peaks to higher wavenumbers compared to 
peak seen at ~ 830 cm-1 in the Raman spectra of films ‘α’ and ‘β’ indicates higher 
Mo5+ content for these films. The shoulder seen at 943 cm-1 in the Raman spectra of 
film ‘γ’ should come from the vibrational bands of the same (Mo6+=O) bonds that we 
see in the Raman spectra of films ‘α’ and ‘β’ at 953 cm-1. However, this shoulder is 
not prominent in the Raman spectrum of films ‘δ’. The other shoulder in the Raman 
spectra of films ‘γ’ and ‘δ’ at ~750 cm-1 is not distinguishable in the Raman spectra of 
films ‘α’ and ‘β’. The origin for this shoulder should be the stretching vibration of 
triply connected bridge-oxygen bonds (Mo6+
3
— O).  
 
Fig. 6.1. Raman spectra of virgin films ‘α’ – ‘δ’ on the glass substrate, with no 
substrate subtraction applied. 
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Additionally, in fig. 6.1 a peak at 410 cm-1 could be seen in the spectrum of 
virgin films ‘γ’ and ‘δ’, which is absent in the spectra of films ‘α’ and ‘β’. It is 
reported that this peak (shoulder) is a signature of Mo5+ [12] which is consistent with 
our previous XPS and Raman data in Chapter 5 which showed that films ‘γ’ and ‘δ’ 
contain more Mo5+ than films ‘α’ and ‘β’. In fact film ‘α’ should contain no Mo5+. The 
spectra presented in Fig. 6.1 are in good agreement with spectra presented in chapter 
5, in which increases in intensity of peaks at ~900 and 410 cm-1 were assigned to 
increases in the relative concentration of Mo5+. The small differences can likely be 
attributed to the slight differences in the optical configuration. In Chapter 5 a 50x 0.55 
NA objective was used and in Chapter 6 a 40x 0.6 NA UV objective was used that 
allowed irradiation of the sample through the same objective used for Raman scatter 
collection. These slight changes can result in different transmission characteristics as 
well as potentially altering the proportions of polarized to depolarized peaks being 
collected. This is because polarized and depolarized peak intensities are angle 
dependent relative to the incident probe beam and different objectives have different 
numerical apertures. 
Fig. 6.2a-d show the normalized Raman spectra of films ‘α’ – ‘δ’ at different 
UV-irradiation times, respectively. The gray arrow shows the direction of increasing 
of UV-irradiation time (from 0 to 90 Sec.). It is apparent that for film ‘α’ and ‘β’ a 
peak (shoulder) at 410 cm-1 increases with UV-irradiation time, which as before in 
Chapter 5 indicates an increase in Mo5+. One can see the same trend for the broad 
shoulder centered at ~750 cm-1 in the Raman spectra of these films. This shoulder 
increases upon UV irradiation for the ‘α’ and ‘β’ data-sets in Chapter 5 and 6.  
While the Raman spectral changes of films ‘α’ and ‘β’ upon UV-irradiation are 
clear, it is harder to see the changes in the Raman spectra of films ‘γ’ and ‘δ’ upon 
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increasing the UV-irradiation time. This is also similar to Chapter 5 where these 
Raman spectral changes for these two films were more subtle. 
 
Fig. 6.2. Normalized Raman spectra of films ‘α’ – ‘δ’ at different UV-irradiation time 
respectively.  
The relative intensity of the shoulder at 410 cm-1 is plotted against UV-
irradiation time for films ‘a’ – ‘δ’ in Fig. 6.3. The intensity sharply rises for films ‘α’ 
and ‘β’, at early UV-irradiation time and then stops rising. The intensity of this 
shoulder in the Raman spectra of films ‘γ’ and ‘δ’ is almost constant and do not 
change by UV-irradiation time. These observations are consistent with the 
observations made in Chapter 5. 
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Fig. 6.3. Changes of intensity of the shoulder at 410 against UV-irradiation time for 
films ‘α’ – ‘δ’. 
To further analyze the changes in the Raman spectra of these films resulting 
from UV-irradiation, we used the same approach as in Chapter 5, however we 
introduced some small changes to the model and applied this modified model to fit the 
current data.  As before peak fitting was performed in the spectral range 550 – 1000 
cm-1 again using Gaussian functions. As before the peak center positions and widths 
of the Gaussians were kept constant for all the fitted spectra. The initial three 
Gaussians, centered at 745, 850 and 954 cm-1, were used as typical Mo6+ bands. These 
initial three Gaussians are very close to those used in chapter 5. The major difference 
in the current model was the Gaussians characterizing the changes upon irradiation. 
We assume that all the vibration bands of the bonds involving Mo5+ are at higher 
wavenumbers than analogous bands for Mo6+. Hence we moved the positions of the 3 
new Gaussian bands to 780, 910 and 990 cm-1. 
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Fig. 6.4. Gaussian peak fitting of Raman spectra in the spectral region 550cm-1 – 1000 
cm-1 for a): film ‘α’, b): film ‘β’, c): film ‘γ’ and d): film ‘δ’ before (left) and after 
(right) 90 sec. UV irradiation. The solid (black) lines represent the experimental data 
after subtracting the baseline,  solid (blue) lines show Gaussian peaks associated with 
vibrations of bonds involving Mo6+, dashed line (red) shows Gaussian peaks 
associated with vibrations of bonds involving Mo5+  and dotted (brown) lines  show 
the fitting envelopes of the Gaussian peaks. 
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The results for virgin films and the squares with 90 sec UV irradiation are 
shown in Fig. 6.4 for films ‘a’ – ‘δ’. As in Chapter 5 the spectrum of virgin film ‘α’ 
can be fitted with three Gaussians centered at 735, 847 and 956 cm-1 and all other 
films fit with the 6 Gaussian bands depending on their Mo5+ and Mo6+ content. 
Fig. 6.5. The ratio of Gaussian peaks assigned to the vibration of bonds involving 
Mo5+ to Mo6+ for doubly connected bridge-oxygen for a) film ‘α’, b) film ‘β’, c) film 
‘γ’ and d) film ‘δ’. 
Fig. 6.5 shows the ratio of Gaussian peaks assigned to the vibrational bands 
involving Mo5+ to Mo6+ for doubly connected bridge-oxygen. It is obvious that among 
virgin films, virgin film ‘δ’ followed by virgin film ‘γ’ have the highest ratio intensity 
of the bonds involving Mo5+ to Mo6+. This is in agreement with the XPS and Raman 
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data presented in the Chapter 5, showing that these samples have high Mo5+ relative 
concentration.  
For film ‘α’ at early stages of UV-irradiation, a sharp increase in this ratio is 
noticeable, but after reaching to a maximum it decreases slightly and after that it 
plateaus. Film ‘β’ shows the same behavior at early times of UV-irradiation, but after 
that it increases at a slower rate until the end of the measured time-course. For films 
‘γ’ and ‘δ’ this intensity does not change so much. 
  
  
Fig. 6.6. The images of the UV-irradiated squares on film a) ‘α’, b) ‘β’, c) ‘γ’ and d) 
‘δ’. These images are taken in transmission using a microscope equipped with a CCD 
camera with a broadband tungsten illumination source.  
Fig. 6.6 a-d shows the images of the irradiated squares on film ‘α’ -‘γ’ taken in 
transmission using a microscope equipped with a CCD camera with a broadband 
tungsten illumination source. The darker squares are areas that have had different 
exposure times to UV irradiation time. These images can be used to estimate the 
absorption changes in the films at different irradiation times. 
a) b) 
c) d) 
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Fig. 6.7. The differences in the absorbance against UV-irradiation time for a) film ‘α’, 
b) film ‘β’, c) film ‘γ’ and film ‘δ’. 
The integrated absorbance changes of films ‘α’ – ‘δ’ plotted against UV-
irradiation time are shown in Fig. 6.7. It is clear from this data that during the early 
stages of UV-irradiation, the absorbance of the film ‘α’ rises sharply, but after that 
begins to plateau. A similar time-course was observed for films ‘β’ although the rate 
of absorbance increase was a bit slower. For film ‘γ’ there was an initial rapid 
absorption change as for films ‘α’ and ‘b’. However the absorption change did not 
plateau and continued to rise until the end of the time-course. Film ‘d’ did not have an 
obvious fast initial rise, and the main changes in the absorbance occur more slowly. 
These findings are fully consistent with absorption changes observed in Chapter 5 
although on different timescales due to the different irradiation sources. 
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In summary, films ‘a’ and ‘b’ follow a different trend to film ‘d’ whilst film 
‘g’ follows a trend that has characteristics of both. This can also be said for the Raman 
spectral changes shown in Figs. 6.3 - 6.5  
 
Fig. 6.8. The intensity of shoulder at 410 cm-1 against the difference in the absorption 
against UV-irradiation time for a) film ‘α’, b) film ‘β’, c) film ‘γ’ and film ‘δ’. 
Figs 6.8 and 6.9 show the correlation of the Raman data to the integrated 
absorbance changes. The best correlation of the data sets occurs for films ‘a’ and ‘b’, 
suggesting a standard mechanism of Mo5+ production being associated with 
coloration. Again the case for films ‘g’ and ‘d’ is less clear with large changes in 
absorbance occurring even when the changes in the Raman spectra are much less than 
for films ‘a’ and ‘b’. This is highly indicative that there is more than one mechanism 
working in the coloration process of molybdenum oxide amorphous films, depending 
on the initial state of the film, its stoichiometry and the extent of conversion to Mo5+.  
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Film 6.9. Ratio of peak intensities of peak at 910 cm-1 to the peak at 847 cm-1 against 
difference in absorption of for a) film ‘α’, film ‘β’, film ‘γ’ and film ‘δ’. 
Note, that Mo5+ concentration during UV-irradiation of film ‘d’ in Chapter 5 
was found to be significantly decreased as measured both with XPS and Raman 
spectroscopy, while in Chapter 6 no significant changes in Mo5+ concentration was 
detected. This discrepancy might come from the fact that different UV-radiation 
sources were used to induce the photochromism. In experiments described in Chapter 
5, UV-lamp was used and the sample was inserted into the UV-irradiation chamber. 
Ozone formed oxygen in the atmosphere of the chamber under UV-irradiation might 
have been a source of the film surface oxidation. Film ‘δ’ is much less homogeneous 
and has much more porous structure than the other films, which could be easily seen 
under the optical microscope therefore could be much easier oxidized.  
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6.3 Comparison of DC sputtered films with RF UBM 
sputtered films 
In Chapter 4 photochromism of MoO3 films deposited using DC sputtering 
was studied. The main result was the existence of induction effect of photochromism, 
leading to the delayed coloration of the film under UV-irradiation. Chapters 5 and 6 
describe photochromism of the films deposited using RF UBM sputtering. These 
films did not reveal any induction time in color change.  
The Raman spectrum of sample ‘f’, described in Chapter 4, with long 
induction time, is shown in Fig. 6.10. This spectrum was measured using a 532 m 
NdYAG laser as a probe source over a 60 μm2 square. It is similar to Raman spectra 
of films ‘α’ and ‘β’ deposited using RF UBM sputtering (e.g. Fig 6.4a,b), showing 
two distinct peaks in spectral range 500-1000 cm-1. This suggests that the 
stoichiometry of this film is close to complete stoichiometry. However, the peaks are 
relatively sharper and the ratio of the peaks is different, suggesting that the structure 
of the films is different as compared to the RF UBM film structure. 
The same in-situ UV-irradiation Raman-probe studies described above in the 
current chapter were conducted to find out the origin of induction time observed in the 
photo-coloration of films deposited using DC sputtering. However, in contrast to the 
films deposited with RF UBM sputtering, the DC sputtered films do not show any 
coloration under the action of 355 nm laser radiation within the same time span. This 
suggests that the photo-coloration observed for these films (Chapter 4) using UV-
lamp is assisted with shorter wavelength UV-radiation present in the spectrum of the 
lamp. Therefore, we assume that during the induction time some defects are 
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introduced to films by the deep UV portion of the UV-lamp irradiation. These initial 
defects are essential for the photochromism of these films. 
From above consideration, we can suggest that, the films deposited using DC 
sputtering might initially are less amorphous as compared to the films deposited using 
the RF UBM sputtering. This higher ordering for the films deposited using D.C. 
sputtering system may arise from the overheating of the growing film due to electron 
bombardment during the deposition process. In the RF unbalanced magnetron 
sputtering, the rate of the electron bombardment of the growing film is considerably 
lower than in the DC sputtering system due to magnetic field lines which deflect the 
electrons in plasma from the target. This overheating may cause the films to be 
slightly annealed and hence more ordered from the beginning. Therefore, essential 
lattice disruption by deep UV light may be required before the coloration can start. 
 
 
Fig. 6.10. Raman spectrum of DC sputtered film revealing long induction time (film 
‘f’, in Chapter 4, the film with the longest induction time).
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From the results presented in this chapter it can be confirmed that mechanisms 
of coloration for MoO3-x films are different for films with different initial 
stoichiometry even at very early stages of UV-irradiation process. Coloration for films 
which initially have more complete stoichiometry is fully correlated to conversion of 
Mo6+ to Mo5+ and this leads to sharp increase in color change at early UV irradiation 
times. However, this mechanism does not seem to be active any more for films 
deposited with great deviation from the complete stoichiometry and hence higher 
initial concentration of oxygen vacancies. Coloration of less stoichiometric films is 
controlled by another mechanism, which does not involve conversion of Mo6+ to 
Mo5+. 
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7.1. Overall discussion 
Photochromism of amorphous molybdenum oxide films was studied depending 
on the initial film stoichiometry. Role of oxygen vacancies on the photochromic 
behavior was examined to establish the mechanism of photochromism of amorphous 
molybdenum oxide films. 
The results presented in this thesis clearly show that the coloration of 
molybdenum oxide films does not follow a simple single mechanism. The mechanism 
depends largely upon the sample preparation method and conditions. 
In chapter 4, kinetics of coloration of MoO3-x films, D.C. sputtered using 
different oxygen partial pressures, under UV radiation was studied. Contributions of 
absorbance and interference in transmittance spectra were separated and thus the 
independent evolution of absorbance and refractive index of the films were assessed. 
For all oxygen pressures used for deposition of the films the broad absorption peak 
centered at about 830nm increases with UV irradiation time. For the UV lamp 
intensities used, for all oxygen pressures, the absorption change saturated after about 
6 hours of irradiation to approximately the same level of absorption coefficient (6000-
7000 cm-1, corresponding to an absorbance of ~0.3 for the film thicknesses used in 
this study). The difference in oxygen pressure during the deposition affects mainly the 
initial stage of UV irradiation. By increasing oxygen partial pressure during 
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sputtering, the initial rate of absorbance change decreases upon UV irradiation. In the 
early time of UV irradiation the absorption starts growing after a certain delay or 
induction time. This induction time depends on the oxygen pressure during the film 
deposition, and the higher the pressure, the longer is the induction time. It was also 
shown that during this induction time the product of refractive index and film 
thickness undergoes the most change, which indicates the structural or chemical 
changes within the film. This change in nd is not associated with the absorbance 
change itself as it happens before the onset of steep absorption change. This induction 
time is attributed to formation of oxygen vacancies or other defects.  
From this chapter we can state that the mechanism of coloration in these films 
is not a simple A to B transformation as described for many photochromic systems in 
the literature review in Chapter 2. Instead there is a distinct initial phase to the 
mechanism that involves some disruption to the lattice which occurs before the 
coloration reaction can itself begin. This lattice disruption may involve the formation 
of oxygen vacancies as the length of the induction time depends on the oxygen 
pressure during sputtering. Therefore the overall mechanism of coloration from the 
initial films is complex. 
In chapter 5 molybdenum oxide amorphous films with different stoichiometry 
and different Mo5+ relative concentrations were deposited using unbalanced 
magnetron sputtering method in order to study the effect of defects on optical 
properties of virgin and UV-irradiated samples. Film stoichiometries and Mo5+ 
concentrations of the films were measured using XPS. This XPS data was directly 
correlated with Raman spectral changes. This enabled us to associate certain Raman 
bands to the formation or presence of Mo5+ and Mo6+. From this it was shown that the 
color of the as-deposited virgin films is directly related to the concentration of Mo5+. 
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Absorption coefficients and Mo5+ concentrations were found to be essentially higher 
for virgin films deposited with greater deviation from complete stoichiometry (MoO3) 
When the films were exposed to UV irradiation the color increased more for 
the films with initially greater deviation from complete stoichiometry and higher 
initial Mo5+ concentration. For films with almost complete initial stoichiometry, ‘a’ 
and ‘b’, there was a direct relation between color formation and the increase in Mo5+ 
during UV irradiation. Film ‘δ’, which initially had the greatest deviation from 
complete stoichiometry and the highest Mo5+ concentration, did not follow this direct 
relation after being UV irradiated and if anything there was a decrease in the 
proportion of Mo5+. Film ‘g’, intermediate case in stoichiometry between ‘a’ and ‘b’ 
and ‘d’, followed a trend that appeared to be a transition between films ‘a’ and ‘b’ 
and film ‘d’. Hence for films with small initial deviation from the complete 
stoichiometry and low initial Mo5+ content the photochromism of Molybdenum oxide 
amorphous-films is generally driven by Mo5+ formation. However, the films deposited 
with the greatest deviation from the complete stoichiometry and the highest Mo5+ 
concentrations still underwent extensive coloration upon UV irradiation and 
sometimes even more so than the films with initially lower Mo5+ content, despite the 
fact that the Mo5+ content did not increase and maybe even decreased. This 
contradiction in the photo-coloration behavior of the film deposited with the highest 
Mo5+ concentration is important because it challenges the models given in the 
literature review in Chapter 2 [16, 18] that predict formation of Mo5+ during UV-
irradiation; hence some other mechanism could be responsible for its coloration.  
In chapter 6 a series of in-situ UV-irradiation Raman-probe studies were 
conducted in order to monitor chemical changes in the deposited films in more detail 
as coloration progressed. This was done to see the chemical changes in the films at the 
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earliest irradiation times as well as at later times. Once again we could conclude that 
bands associated with Mo5+ increased in intensity for the films‘a’ and ‘b’ with more 
complete stoichiometry and lower initial Mo5+ content whereas for film ‘d’ there was 
no increase in Mo5+ associated with large color changes even at the earliest irradiation 
times. Film ‘g’ again displayed a trend that was a transition between films ‘a’ and ‘b’ 
and film ‘d’.   
The results of this work show that photochromism of a-films, deposited using 
R.F. magnetron sputtering at higher PO2 which have more complete stoichiometry, are 
accompanied by the formation of Mo5+. These films are initially transparent and 
possess relatively low concentration of Mo5+ (below the detection limit of XPS). 
Additionally, we can assume that the amount of oxygen vacancies is negligible for 
these films and this is backed up by stoichiometries determined with XPS. Hence, we 
assume that the number of defect states originated from oxygen vacancies is expected 
to be very low. Furthermore, we do not see any presence of water in the Raman 
spectra of the films, therefore bronze formation can be excluded and the 
photochromic behavior of these films is consistent with the small polaron model: 
Upon UV-irradiation, photo-excited electrons from the valence band (p-orbitals of 
oxygen), can be trapped by Mo6+ sites with lower energy and their oxidation state will 
be reduced to Mo5+. Hence the Mo5+ concentration will increase upon UV irradiation. 
This results in the film becoming colored, because the trapped electron can be excited 
from the Mo5+ trap site to higher energy Mo6+ sites by absorption of visible to near 
infra-red light. The observed saturation in the coloration of these more stoichiometric 
transparent films may simply be due to a limitation in the number of trap sites. 
Photochromism of films with initially high deviation from complete 
stoichiometry, film ‘δ’ deposited using R.F. magnetron sputtering at Ar atmosphere, 
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does not involve Mo5+ formation. Therefore, its photochromic behavior is not 
consistent with the small polaron model. However, as-deposited film ‘δ’ contains 
relatively high density of oxygen vacancies, as could be concluded from its high 
deviation from complete stoichiometry determined with XPS. Furthermore, as-
deposited film ‘δ’ possesses the highest content of Mo5+ which must be originated 
from the oxygen vacancies. Therefore, it is logical to assume that the photochromism 
of the film ‘δ’ is driven by oxygen vacancies. As it was shown in Chapter 2, only in 
this model among all the existing models photochromic color change is not 
necessarily followed by Mo5+ concentration increase, since UV-radiation induces 
transfer of electrons from intrinsically present Mo5+ of an oxygen vacancy to Mo6+ 
sites at the same time forming color center energy states within the energy band gap. 
Hence the overall oxidation state of Mo does not change while the color changes 
during UV irradiation. 
The films deposited with RF unbalanced magnetron are intrinsically colored. 
Films deposited with greater deviation from complete stoichiometry possess stronger 
color and higher Mo5+ concentration. This color and Mo5+ content can be associated 
with oxygen vacancies. During the deposition process neutral oxygen vacancies 
should be formed, each vacancy is inevitably related to 2 Mo5+ sites. Therefore the 
greater the deviation from the complete stoichiometry, the higher should be the 
concentration of oxygen vacancies and hence the higher the Mo5+ concentration. 
However, as it is described in Chapter 2, a neutral oxygen vacancy does not contribute 
to color. It should lose an electron and become positively charged to convert to color 
center. It might happen during deposition process due to interaction with the 
deposition plasma or due to irradiation from the plasma. 
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8.1. Conclusions  
Results presented in this thesis point to a rather complex coloration mechanism 
for molybdenum oxide films that sometimes, but not always, involve the formation of 
Mo5+ and which under certain conditions requires lattice rearrangements before the 
coloration can even begin.  
It was clearly shown that, mechanism of coloration depends strongly on the 
oxygen vacancy concentration. For low concentration the results are consistent with 
small polaron model, while with increase of oxygen vacancy concentration the 
oxygen vacancy driven photochromism becomes dominant.  
Whereas previous authors have attempted a one-model-fits-all approach we 
can show that this is clearly not an appropriate approach. This may to some extent 
explain the apparent controversies in the literature since the contributions from 
different models may be involved to different extents depending on the film 
preparation method and more specifically on the initial oxygen defect content.  
Future works in this field should concentrate on building up a type of phase 
diagram of the initial stoichiometry and Mo6+ to Mo5+ ratio with respect to the 
contribution of Mo5+ formation to the photochromic reaction of the films. 
Additionally work is still required in order to enhance the reverse photochromic 
CHAPTER 8: Conclusions 
 
  
Photochromism of Molybdenum oxide      
 
112 











 [1] C. B. Greenberg, “Optically switchable thin films: a review”, Thin Solid 
Films, 251(2), pp. 81-93, 1994. 
[2] k. Bange, “Colouration of tungsten oxide films: A model for optically active 
coatings”, Solar Energy Materials and Solar Cells, 58(1), pp. 1-131, 1999. 
[3] H. B. Laurent, and H. Dürr : Organic Photochromism, in Photochromism. D. 
Heinz and B. L. Henri, Editors. 2003, Elsevier Science: Amsterdam. pp. 
XXVII-LIII.
[4] J. Scarminio, A. Lourenco, and A. Gorenstein, “Electrochromism and 
photochromism in amorphous molybdenum oxide films”, Thin Solid Films, 
302(1-2), pp. 66-70, 1997. 
[5] T. He, and J. N. Yao, “Photochromism of molybdenum oxide”, Journal of 
Photochemistry and Photobiology C-Photochemistry Reviews, 4(2), pp. 125-
143, 2003. 
[6] O. Z. Angel, C. Menezes, F. S. Sinencio1, and G. F. L. Ferreira, “Electron 
diffusion and electrochromism in MoO3 amorphous films”, Journal of Applied 
Physics, 51(11), pp. 6022-6026, 1980. 
[7] K. S. Rao, K. V. Madhuri, S. Uthanna, O. M. Hussain and C. Julien, 
“Photochromic properties of double layer CdS/MoO3 nano-structured films”, 
Materials Science and Engineering: B, 100(1), pp. 79-86, 2003. 
[8] J. Okumua, F. Koerferb, C. Salingab, T. P. Pedersenb and M. Wuttig, 
“Gasochromic switching of reactively sputtered molybdenumoxide films: A 
correlation between film properties and deposition pressure”, Thin Solid 
Films, 515(4), pp. 1327-1333, 2006. 
[9] J. N. Yao, Y. A. Yang and B. H. Loo, “Enhancement of photochromism and 
electrochromism in MoO3/Au and MoO3/Pt thin films”, Journal of Physical 




Photochromism of Molybdenum oxide      
 
114 
[10] M. Rouhani, S. Gorelik, J. Hobley, S. J. Wang, E. L. Williams and Y. L. Foo, 
“Delayed onset of photochromism in molybdenum oxide films caused by 
photoinduced defect formation” Science and Technology of Advanced 
Materials, 12(5), 2011. 
[11] K. Ajito, L. A. Nagahara, D. A. Tryk, K. Hashimoto and A. Fujishimaet, 
“Study of the Photochromic Properties of Amorphous MoO3 Films Using 
Raman Microscopy” Journal of Physical Chemistry, 99(44), pp. 16383-16388, 
1995. 
[12] S. H. Lee, M. J. Seong, C. E. Tracy, A. Mascarenhas, J. R. Pitts and S. 
K. Deb, “Raman spectroscopic studies of electrochromic a-MoO3 thin films”, 
Solid State Ionics, 147(1–2), pp. 129-133, 2002. 
[13] T. He, and J. Yao, “Photochromism in composite and hybrid materials based 
on transition-metal oxides and polyoxometalates”, Progress in Materials 
Science, 51(6), pp. 810-879, 2006. 
[14] M. R. Tubbs, “MoO3 Layers optical properties, color centers and holographic 
recording”, Physica Status Solidi a-Applied Research, 21(1), pp. 253-260, 
1974. 
[15] S. K. Deb, and J. Chopoori, “ Optical roperties and color center formation in 
thin films of Molybdenum trioxide”, Journal of Applied Physics, 37(13), pp. 
4818-&, 1966. 
[16] B. W. Faughnan, R. S. Crandall and P. M. Heyman, “Electrochromism in WO3 
amorphous films”, Rca Review, 36(1), pp. 177-197, 1975. 
[17] H. J. Wagner, P. Driessen and C. F. Schwerdtfeger, “EPR of MO5+ in 
amorphous MoO3 thin films”, Journal of Non-Crystalline Solids, 34(3), pp. 
335-338, 1979. 
[18] O. F. Schirmer, V. Wittwer and G. Baur, “Deppendence of WO3 
electrochromic absorption on crystalinity” Journal of the Electrochemical 
Society, 123(8), pp. C258-C258, 1976.
[19] J. P. Lehan, P. C. Yu, D. L. Backfisch and J. P. Chambers, “Predictive model 
of the optical response of amorphous WO3 to ion intercalation”, Journal of 
Applied Physics, 92(7), pp. 3608-3614, 2002. 
[20] S. K. Deb, “Opportunities and challenges in science and technology of WO3 
for electrochromic and related applications” Solar Energy Materials and Solar 
Cells, 92(2), pp. 245-258, 2008. 
[21] S. K. Deb, “Physical properties of a transition metal oxide – Optical and 
photoelectric properties of single crystal and thin film Molybdenum trioxide”, 
Proceedings of the Royal Society of London Series a-Mathematical and 




Photochromism of Molybdenum oxide      
 
115 
[22] T. He, Y. Ma, Y. Cao, P. Jiang, X. Zhang, W. Yang and J. Yao, “Enhancement 
effect of gold nanoparticles on the UV-light photochromism of Molybdenum 
trioxide thin films”, Langmuir, 17(26), pp. 8024-8027, 2001. 
[23] J. H. Crawford, and L. M. Slifkin: Point Defects in Solids. Vol. 1., New York: 
Plenum Press, 1972. 
[24] B. W. Faughnan, D. L. Steabler and Z. J. Kiss: Inorganic Photochromic 
Materials. In Applied Solid State Science.  In applied Solid State Science eds. 
R. Wolfe and C. J. Kriessman, Academic Press, New York and London, Vol. 
2, p. 107, 1971. 
[25] T. He, and J. Yao, “Photochromic materials based on tungsten oxide”, Journal 
of Materials Chemistry, 17(43), pp. 4547-4557, 2007. 
[26] P. Gerard, P. and A. Deneuville, “Color in tungesten trioxide thin films”, 
Journal of Applied Physics, 48(10), pp. 4252-4255, 1977. 
[27] G. Beydaghyan, S. Doiron, A. Haché and P. V. Ashrit, “Enhanced 
photochromism in nanostructured molybdenum trioxide films”, Applied 
Physics Letters, 95(5), pp. 0519171-3 2009. 
[28] T. H. Fleisch, G. W. Zajac, J. O. Schreiner, "An XPS study of the UV 
photoreduction of transition and noble metal oxides”, Applied Surface Science, 
26(4), pp. 488-497, 1986. 
[29] T. H. Fleisch and G. J. Mains, “An XPS study of the UV reduction and 
photochromism of MoO3 and WO3”, Journal of Chemical Physics, 76(2), pp. 
780-786, 1982. 
[30] C. G. Granqvist, “Transparent conductors as solar energy materials: A 
panoramic review”, Solar Energy Materials and Solar Cells, 91(17), pp. 1529-
1598, 2007. 
[31] C. Bechinger, M. S. Burdis and J. G. Zhang, “Comparison between 
electrochromic and photochromic coloration efficiency of tungsten oxide thin 
films”, Solid State Communications, 101(10), pp. 753-756, 1997. 
[32] D. Emin, “Optical properties of large and small polarons and bipolarons”, 
Physical Review B, 48(18), pp. 13691-13702, 1993. 
[33] R. Araujo, “Inorganic Photochromic Systems”, Molecular Crystals and Liquid 
Crystals Science and Technology. Section A. Molecular Crystals and Liquid 
Crystals, 297(1), pp. 1-8, 1997. 
[34] R. Duncan and D. Staebler: Inorganic photochromic materials Holographic 
Recording Materials, H. Smith, Editor, Springer Berlin / Heidelberg. pp. 133-
160, 1977. 
[35] H. Dürr: Chapter 1 - General Introduction, in Photochromism, D. Heinz and B. 




Photochromism of Molybdenum oxide      
 
116 
[36] J. N. Yao, K. Hashimato, and A. Fujishima, “Photochromism induced in an 
electrolytically pretreated MoO3 thin film by visible light”,  Nature, 355, pp. 
624-626, 1992. 
[37] E. Kikuchia, N. Hirotaa, A. Fujishimaa, K. Itohb, M. Murabayashi, “Rapid 
chemical decolorization reaction of HxWO3 thin films and reversible operation 
of photochromism of WO3”, Journal of Electroanalytical Chemistry, 381(1–
2), pp. 15-19, 1995. 
[38] R. Pardo, M. Zayat and D. Levy, “Photochromic organic-inorganic hybrid 
materials”, Chemical Society Reviews, 40(2), pp. 672-687, 2011. 
[39] E. T. Meer, “Ueber Dinitroverbindungen der Fettreihe”, Justus Liebigs 
Annalen der Chemie, , 181 (1), pp. 1–22, 1876. 
[40] M. Fritsche, Comp.Rend, 69, pp. 1035, 1867. 
[41] J. Crano, R. Guglielmetti: Introduction Organic Photochromic and 
Thermochromic Compounds, J. Crano and R. Guglielmetti, Editors. Springer 
US. pp. 1-9, 2002. 
[42] E. Avendañoa, L. Berggrena, G. A. Niklassona, C. G. Granqvista and A. 
Azensb, “Electrochromic materials and devices: Brief survey and new data on 
optical absorption in tungsten oxide and nickel oxide films”, Thin Solid Films, 
496(1), pp. 30-36, 2006. 
[43] L. Chalkley, “Phototropy”, Chemical Reviews, 6(2), pp. 217-280, 1929. 
[44] Y.A. Yanga, Y. W. Caoa, P. Chena, B. H. Loob and J. N. Yao, “Visible-light 
photochromism in electrolytically prepared WO3 thin films”, Journal of 
Physics and Chemistry of Solids, 59(9), pp. 1667-1670, 1998. 
[45] R. J. Colton, A. M. Guzman and J. W. Rabalais, “Electrochromism in some 
thin-film transition-metal oxides characterized by x-ray electron 
spectroscopy”, Journal of Applied Physics, 49(1), pp. 409-416, 1978. 
[46] L. D. Burke and E. J. M. O'Sullivan, “Electrochromism in electrodeposited 
vanadium oxide films”, Journal of Electroanalytical Chemistry and Interfacial 
Electrochemistry, 111(2–3), pp. 383-384, 1980. 
[47] H. Sawada, T. Tsuzuki-ishi, t. Kijima, J. Kawakami, M. Iizuka and M. 
Yoshida, “Controlling photochromism between fluoroalkyl end-capped 
oligomer/polyaniline and N,N′-diphenyl-1,4-phenylenediamine 
nanocomposites induced by UV-light-responsive titanium oxide 
nanoparticles”, Journal of Colloid and Interface Science, 359(2), pp. 461-466, 
2011. 
[48] M. Jin M, X. Zhang, H. Pu, S. Nishimoto, T. Murakami and A. Fujishima, 
“Photochromism-based detection of volatile organic compounds by W-doped 





Photochromism of Molybdenum oxide      
 
117 
[49] M. H. Huang, J. Y. Xia, Y. M. Xi and C. X. Ding, “ Study on photochromism 
in SrTiO3:Fe ceramic powder”, Journal of the European Ceramic Society, 
17(14), pp. 1761-1765, 1997. 
[50] B. W. Faughnan, “Photochromism in Transition-Metal-Doped SrTiO3”, 
Physical Review B, 4(10), pp. 3623-3636, 1971. 
[51] D. L. Staebler, “Oxide optical memories: Photochromism and index change”, 
Journal of Solid State Chemistry, 12(3–4), pp. 177-185, 1975. 
[52] H. Huang, S. X. Lu, W. K. Zhang, , Y. P. Gan, C. T. Wang, L. Yu and X.Y. 
Tao, “Photoelectrochromic properties of NiO film deposited on an N-doped 
TiO2 photocatalytical layer”, Journal of Physics and Chemistry of Solids, 
70(3–4), pp. 745-749, 2009. 
[53] I. Shimizu, M. Shizukuishi and E. Inoue, “Solid-state electrochromic device 
consisting of amorphous WO3 and Cr2O3”, Journal of Applied Physics, 50(6), 
pp. 4027-4032, 1979. 
[54] J. N. Yao, B. H. Loo, K. Hashimoto and A. Fujishima, “Photochromic 
response of vacuum-evaporated Nb2O5 thin films in ethanol vapor”, Berichte 
der Bunsengesellschaft für physikalische Chemie, 96(5), pp. 699-701, 1992. 
[55] J. A. Chopoorian, G. H. Dorion and F. S. Model, “Photochromism of metal 
oxides—I the light sensitivity of MoO3 or WO3 coprecipitated with TiO2”, 
Journal of Inorganic and Nuclear Chemistry, 28(1), pp. 83-88, 1966. 
[56] C. G. Granqvist: Chapter 23, Systematics for the Electrochromism in 
Transition Metal Oxides, in Handbook of Inorganic Electrochromic Materials, 
Elsevier Science B.V.: Amsterdam. pp. 413-419, 1995. 
[57] S. D. Reid: Molybdenum and chromium in Fish Physiology, A. P. F. Chris, M. 
Wood and J. B. Colin, Editors, Academic Press. pp. 375-415, 2011. 
[58] Chapter 37 Molybdenum, In: R. Łobiński and Z. Marczenko, Editor(s), 
Comprehensive Analytical Chemistry, Elsevier, Volume 30, pp. 543-554, 
1996. 
[59] K. Hermann and M. Witko, Chapter 4 Theory of physical and chemical 
behavior of transition metal oxides: vanadium and molybdenum oxides, in The 
Chemical Physics of Solid Surfaces, D.P. Woodruff, Editor, Elsevier. pp. 136-
198, 2001. 
[60] Kihlborg, L., Ark. Chem., 21, p. 357, 1963. 
[61] J. B. Parise, “β-MoO3 produced from a novel freeze drying route”, Journal of 
Solid State Chemistry, 93(1), pp. 193-201, 1991. 
[62] I. McCarron, E. M. and J. C. Calabrese, “The growth and single crystal 
structure of a high pressure phase of molybdenum trioxide: MoO3-II”, Journal 




Photochromism of Molybdenum oxide      
 
118 
[63] B. G. Brant, A. C. Skapski, “A Refinement of the Crystal Structure of 
Molybdenum Dioxide”, Acta Chemica Scandinavica, 21, pp. 661-672, 1967. 
[64] L. Kihlborg, “The Crystal Chemistry of Molybdenum Oxides, in 
Nonstoichiometric Compounds”, Americam chemical society, pp. 37-45, 1963. 
[65] C. G. Granqvist, Chapter 12 - Molybdenum Oxide Films, in Handbook of 
Inorganic Electrochromic Materials, Elsevier Science B.V.: Amsterdam. pp. 
209-224, 1995. 
[66] Hussain, O.M. and K.S. Rao, Characterization of activated reactive 
evaporated MoO3 thin films for gas sensor applications. Materials Chemistry 
and Physics, 2003. 80(3): pp. 638-646. 
[67] C. V. Ramana, V. V. Atuchinb, I. B. Troitskaiab, S. A. Gromilovc, V. G. 
Kostrovskyd and G. B. Saupe, “Low-temperature synthesis of morphology 
controlled metastable hexagonal molybdenum trioxide (MoO3)”, Solid State 
Communications, 149(1–2), pp. 6-9, 2009. 
[68] N. Sotania, S. Masudaa, S. Kishimoto and M. Hasegawa, “Adsorption of water 
on hexagonal molybdenum oxide”, Journal of Colloid and Interface Science, 
70(3), pp. 595-596, 1979. 
[69] P. F. Carcia and E. M. McCarron, “Synthesis and properties of thin film 
polymorphs of molybdenum trioxide”, Thin Solid Films, 155(1), pp. 53-63, 
1987. 
[70] G. M. Ramans, J. V. Gabrusenoks, A. R. Lusis and A. A. Patmalnieks, 
“Structure of amorphous thin films of WO3 and MoO3”, Journal of Non-
Crystalline Solids, 90(1–3), pp. 637-640, 1987. 
[72] C. G. Granqvist, “Electrochromic materials – Microstructure, Electronic 
bands, and Optical properties”, Applied Physics a-Materials Science & 
Processing, 57(1), pp. 3-12, 1993. 
[72] J. Scarminio, A. Lourenço and A. Gorenstein, “Electrochromism and 
photochromism in amorphous molybdenum oxide films”, Thin Solid Films, 
302(1–2): pp. 66-70, 1997. 
[73] Y. A. Yang, Y. W. Cao, B. H. Loo and J. N. Yao, “Microstructures of 
electrochromic MoO3 thin films colored by injection of different cations”, 
Journal of Physical Chemistry B, 102(47), pp. 9392-9396, 1998. 
[74] A. Abdellaoui, L. Martin and A. Donnadieu, “Structure and optical properties 
of MoO3 thin film prepared by chemical vapor deposition”, Physica Status 
Solidi a-Applied Research, 109(2), pp. 455-462, 1988. 
[75] Z. Y. Li, M. L. Zhang and Y. Zhang: Optical and electrochemical properties of 
Ni doped WO3-MoO3 films prepared by sol-gel process - art. no. 67224M, in 
Advanced Optical Manufacturing Technologies, Pts 1 and 2, L. Yang, et al., 





Photochromism of Molybdenum oxide      
 
119 
[76] O. M. Hussain, K. Srinvasa, K. V. Madhuri, C.V. Raman, B. S. Naidu, S. Pai 
J. John and R. Pinto, “Growth and characteristics of reactive pulsed laser 
deposited molybdenum trioxide thin films”, Applied Physics a-Materials 
Science & Processing, 75(3), pp. 417-422, 2002. 
[77] D. Guay, G. Tourillon, G. Laperriere and D. Belanger, “Influence of the 
electrolytic medium composition on the structural evolution of thin 
electrochromic molybdenum trioxide films probed by x-ray absorption 
spectroscopy”, The Journal of Physical Chemistry, 96(19), pp. 7718-7724, 
1992. 
[78] S. T. Li, and M. S. El-Shall, “Synthesis and characterization of photochromic 
molybdenum and tungsten oxide nanoparticles”, Nanostructured Materials, 
12(1-4), pp. 215-219, 1999. 
[79] J. W. Rabalais, R. J. Colton and A. M. Guzman, “Trapped electrons in 
substoichiometric MoO3 observed by X-ray electron spectroscopy”, Chemical 
Physics Letters, 29(1), pp. 131-133, 1974. 
[80] S. K. Deb, “Physical Properties of a Transition Metal Oxide: Optical and 
Photoelectric Properties of Single Crystal and Thin Film Molybdenum 
Trioxide”, Proceedings of the Royal Society of London. Series A. 
Mathematical and Physical Sciences, 304(1477), pp. 211-231, 1968. 
[81] E. K. H. Salje, “Polarons and bipolarons in Tungesten oxide, WO3-
x”, European Journal of Solid State and Inorganic Chemistry. L31, pp. 805, 
1994. 
[82] P. Pichat, M. N. Mozzanega and H. V. Can, “Room temperature photoassisted 
formation of hydrogen molybdenum bronzes with an alcohol as hydrogen 
source”, Journal of Physical Chemistry, 92(2), pp. 467-470, 1988. 
[83] D. O. Scanlon, G. W. Watson, D. J. Payne, G. R. Atkinson, R. G. Egdell and 
D. S. L. Law, “Theoretical and Experimental Study of the Electronic 
Structures of MoO3 and MoO2”, Journal of Physical Chemistry C, 114(10), 
pp. 4636-4645, 2010. 
[84] L. E. Firment and A. Ferretti, “Stoichiometric and oxygen deficient 
MoO3(010) surfaces”, Surface Science, 129(1), pp. 155-176, 1983. 
[85] T. Hirata, K. Ishioka and M. Kitajima, “Raman spectra of MoO3 implanted 
with protons, Applied Physics Letters, 68(4), pp. 458-460, 1996. 
[86] M. Dieterle, G. Weinberg and G. Mestl, “Raman spectroscopy of molybdenum 
oxides Part I. Structural characterization of oxygen defects in MoO3-x  by DR 
UV/VIS, Raman spectroscopy and X-ray diffraction”, Physical Chemistry 
Chemical Physics, 4(5), pp. 812-821, 2002. 
[87] M. Dieterle and G. Mestl, “Raman spectroscopy of molybdenum oxides Part 
II. Resonance Raman spectroscopic characterization of the molybdenum 





Photochromism of Molybdenum oxide      
 
120 
[88] K. Eda, “RAMAN-Spectra of hydrogen molybdenum bronze, H0.30MoO3, 
Journal of Solid State Chemistry, 98(2), pp. 350-357, 1992. 
[89] B. H. Loo, J. N. Yaoc, H. D. Coblea, K. Hashimotoc, Akira Fujishima, “A 
Raman microprobe study of the electrochromic and photochromic thin films of 
molybdenum trioxide and tungsten trioxide”, Applied Surface Science, 81(2), 
pp. 175-181, 1994. 
[90] S. Rossnagel: Chapter 8, Sputtering and Sputter Deposition, in Handbook of 
Thin Film Deposition Processes and Techniques, Second Edition, S. Krisna, 
Editor, William Andrew Publishing: Norwich, NY. pp. 319-348, 2001. 
[91] P. R. Willmott, “Deposition of complex multielemental thin films”, Progress 
in Surface Science, 76(6–8), pp. 163-217, 2004. 
[92] V. S. Smentkowski, “Trends in sputtering”, Progress in Surface Science, 
64(1–2), pp. 1-58, 2000. 
[93] R. V. Stuart: Chapter IV, Sputtering, in Vacuum Technology, Thin Films & 
Sputtring, Academic Press: San Diego, pp. 91-135, 1983. 
[94] D. M. Mattox: Chapter 7, Physical Sputtering and Sputter Deposition 
(Sputtering), in Handbook of Physical Vapor Deposition (PVD) Processing, 
William Andrew Publishing: Westwood, NJ, pp. 343-405, 1998. 
[95] A. Bogaertsa, E. Neytsa, R. Gijbelsa and J. V. D. Mullen, “Gas discharge 
plasmas and their applications, Spectrochimica Acta Part B: Atomic 
Spectroscopy, 57(4): pp. 609-658, 2002. 
[96] G. N, Jackson, “R.F. sputtering”, Thin Solid Films, 5(4), pp. 209-246, 1970. 
[97] P. J. Kelly, and R. D. Arnell, “Magnetron sputtering: a review of recent 
developments and applications”, Vacuum, 56(3), pp. 159-172, 2000. 
[98] C. A. Bishop: Chapter 21, Magnetron Sputtering Source Design and 
Operation, in Vacuum Deposition onto Webs, Films and Foils, Second Edition, 
William Andrew Publishing: Oxford. pp. 337-362, 2011. 
[99] S. Berg and T. Nyberg, “Fundamental understanding and modeling of reactive 
sputtering processes”, Thin Solid Films, 476(2), pp. 215-230, 2005. 
[100] A. Abdellaoui, G. Lévêqueb, A. Donnadieuc, A. Bathd and B. Bouchikhi, 
“Iteratively derived optical constants of MoO3 polycrystalline thin films 




Photochromism of Molybdenum oxide      
 
121 
[101] U. Tritthart, W. Gey and A. Gavrilyuk, “Low temperature coloration of WO3 
and MoO3 thin films”, Ionics, 4(3-4), pp. 299-308, 1998. 
[102] I. Sayago, M. Aleixandre, L. Arés, M.J. Fernández, J.P. Santos, J. Gutiérrez 
and M.C. Horrillo, “The effect of the oxygen concentration and the rf power 
on the zinc oxide films properties deposited by magnetron sputtering”, Applied 











Mehdi Rouhani, Yong L. Foo, Jonathan Hobley, Jisheng Pan, Gomathy Sandhya 
Subramanian, Xiaojiang Yu, Andrivo Rusydi, Sergey Gorelik, " Photochromism of 
amorphous molybdenum oxide films with different initial Mo5+ relative 
concentrations”, Applied Surface Science (DOI: 10.1016/j.apsusc.2013.01.218). 
M. Rouhani, S. Gorelik, J. Hobley, S. Wang, E. L. Williams and Y. L. Foo," Delayed 
onset of photochromism in molybdenum oxide films caused by photoinduced defect 
formation”, Science and Technology of Advanced Materials, Volume 12 Number 5 
2011. 
M. Rouhani, , J. Hobley, S. Wang, E. L. Williams and Y. L. Foo, S. Gorelik , ‘Kinetic 




Mehdi Rouhani, Yong L. Foo, Jonathan Hobley, Jisheng Pan, Gomathy Sandhya 
Subramanian, Xiaojiang Yu, Andrivo Rusydi, Sergey Gorelik, ” Anomalous 
coloration in amorphous molybdenum oxide films prepared by magnetron sputtering”,  
Molecular Materials Meeting (M3) , Singapore, January 2013. 
M. Rouhani, S. Gorelik, J. Hobley, S. Wang, E. L. Williams and Y. L. Foo,” 
Induction Time in Photochromism of MoO3 Films Caused by Photo-induced Defect 
Formation”, 18th International Conference on Solid Compounds of 
Transition Elements, lisbon, April 2012. 
 
